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 Elevated bromide and iodide in drinking water sources contribute to the formation 
of toxic brominated and iodinated disinfection by-products (DBPs) during drinking water 
treatment. Energy extraction and utilization processes, including hydraulic fracturing 
(HF) and coal-fired power plants (CFPPs), produce wastewaters with bromide/iodide 
levels on the order of tens to thousands of mg/L. These wastes have the potential to 
impact drinking water sources through both intentional (e.g., direct discharge) and 
accidental (e.g., basin overflow, spill) release pathways. This research focuses on a 
combination of quantitative and non-targeted approaches to assess DBP formation 
impacts from HF and CFPP wastewaters, with complementary toxicity studies 
contributed by collaborators. 
The HF studies reported here are the first non-targeted investigations of the 
formation of DBPs from both geogenic (phenolics) and anthropogenic (surfactant) 
organic DBP-precursors. In both cases, high-resolution mass spectrometry (MS) was 
crucial to the identification of never-before-reported DBPs. Fifty-six iodo-phenolics were 
identified, comprising three homologous series of iodinated phenolics, including two new 
classes of DBPs: iodocresols and iodoxylenols. Many of these newly-identified DBPs 
were cytotoxic in mammalian cell assays. In addition, over 300 new sulfur-containing 
DBPs were identified in gas-extraction wastewaters. These originated from a mixture of 
isomers of olefin sulfonate (dodecene sulfonate) surfactant, a common fracking fluid 
additive. Brominated, iodinated, and chlorinated sulfonate-based DBPs were identified, 
vi 
as well as halogenated di-S-species, derived from surfactant impurities.  Chlorine and 
chloramine disinfection of these gas wastewaters increased cytotoxicity by several orders 
of magnitude, with chloraminated water being the most toxic. 
We also conducted the first experimental investigation of the impacts of CFPP 
wastewater on resulting DBP formation from chlorination and chloramination. It is the 
most comprehensive quantification of DBPs from CFPP impact, as well as the first to 
assess CFPP impact on iodide and iodo-DBP formation. The presence of CFPP waste 
significantly enhanced the formation of brominated and iodinated DBPs, as well as 
calculated cyto- and geno-toxicity, under both disinfection conditions. While 
chloramination resulted in lower overall DBP formation, higher levels of iodo-DBPs, 
including highly toxic iodinated haloacetamides, formed with CFPP impact.  
Speciation and toxicity associated with formation of these CFPP and HF waste-
derived DBPs is important for energy waste-impacted drinking water treatment plants 
that may consider switching from chlorination to chloramination, which will effectively 
control regulated DBPs, but could result in higher-toxicity drinking water. 
vii 
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Chlorine-based disinfectants react with dissolved organic matter (DOM) in source 
waters and produce chlorinated disinfection by-products (DBPs). In the presence of 
iodide and bromide, iodinated and brominated DBPs, which are much more toxic than 
their chlorinated analogues (I > Br >> Cl), can also be formed.1–3 There are currently nine 
halo-organic DBPs, listed in Table 1.1, which are regulated at drinking water treatment 
plants (DWTPs) in the United States. Regulated DBPs consist of four bromo-/chloro-
trihalomethanes, collectively referred to as “THM4” and five bromo- and chloro-acetic 
acids, known as “HAA5”.1,4 Currently, no iodinated DBPs are regulated, despite their 
enhanced toxicity over their chloro- and bromo- analogues, and their tendency to form 
under different conditions than Br- and Cl-DBPs (i.e., chloramination vs. chlorination). 
Chlorination is the most common disinfection process in the U.S., which can be 
performed with the use of chlorine gas (Cl2) or the use of hypochlorous acid/hypochlorite 
(HOCl/OCl-).  Chloramination – which can be carried out by chlorination followed by 
addition of ammonia to form NH2Cl (monochloramine), or by the addition of preformed 
NH2Cl – is becoming increasingly popular as an alternative to chlorination.  This is due 
to formation of much lower levels of regulated DBPs with chloramine disinfection.1–3,5 
Both chlorination and chloramination are known to yield halogenated DBPs, as these are 
chlorine-based oxidants.  When bromide and iodide are abundant, the disinfectant 
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oxidizes these halides, which in turn react with organic matter and form brominated and 
iodinated DBPs.1–3,6–9 
Abundant bromide poses an issue for water disinfection because HOCl oxidizes 
bromide to HOBr/OBr-, with little reversal.8 HOBr is much more reactive than HOCl, 
reacting with organic matter at a faster rate, at least one order of magnitude faster.  This 
favors the formation of bromo-DBPs over chloro-DBPs.9 Formation of more bromo-
DBPs will increase the overall toxicity of drinking water.3 Bromine is a heavier atom 
than chlorine (79.9 g/mol vs. 35.5 g/mol), which increases the challenge faced by 
DWTPs to meet DBP regulations. THMs and HAAs are regulated not as individual 
DBPs, but as classes and are regulated according to mass concentration (µg/L), rather 
than on a molar basis.4,10 
Iodinated DBP formation from iodide is favored in chloraminated systems, while 
only low levels form in chlorinated water.1,2,7 This discrepancy is because HOCl will 
oxidize iodide to iodate (IO3
-), which is non-toxic. Iodate is the major product with little 
to no reverse reaction, serving as a sink for iodide. However, in chloraminated water, 
oxidation of iodide beyond HOI/OI- is a very slow reaction.  The half-life of OI- in water 
is much longer, allowing time for the reaction of OI- with DOM to dominate over the 
oxidation of OI-. I-DBPs become the sink for iodide in chloraminated water, with little 
formation of iodate, shown in Table 1.2 and Figure 1.2.2,7,11 Because no iodo-DBPs are 
regulated, DWTPs seeking to lower their levels of regulated DBPs may unknowingly 
increase the toxicity of their water by switching to chloramination.3,6,12 
This research investigates the formation of toxic bromo- and iodo-DBPs resulting 
from chlorination and chloramination (collectively, “chlor(am)ination”) disinfection of 
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water, with a primary focus on the impact of energy-related wastewater inputs. This 
investigation includes comprehensive identification of both known and newly-discovered 
DBPs. Identification and quantification are complemented by the contributions of 
collaborators, who evaluate the genotoxicity, cytotoxicity, and risks of human and 
ecological health effects associated with the formation of these DBPs. 
The research in Chapters 2-4 investigates the effects of high-bromide and -iodide 
wastewaters from energy extraction and utilization processes on DBP formation.  Fossil 
fuel (i.e., oil, gas, coal) extraction and utilization processes can lead to the introduction of 
elevated bromide and iodide levels to drinking water sources.10,13–20 These waters have 
significantly higher concentrations of Br- and I- than natural waters. Hydraulic fracturing 
(HF) activities release salt brines trapped deep within shale formations, while the use of 
bromide-rich coals (or addition of bromide salts) at coal-fired power plants (CFPPs) is 
favorable to reduce atmospheric mercury emissions.13,15,18–20 Bromide levels in waters 
from coal-fired power plants are comparable to that of seawater (up to hundreds of 
mg/L), and hydraulic fracturing produced and flowback waters have been reported with 
halide levels on the order of hundreds to thousands of mg/L bromide and tens of mg/L 
iodide.10,14,16,17,21–23  
Bromide levels in CFPP wastewaters typically range from 10-100 mg/L, and 
downstream drinking water sources have been reported to contain hundreds of µg/L 
bromide from CFPP discharge. While bromide itself may not pose health risks to 
communities, its presence in drinking water sources leads to the formation of higher-
toxicity brominated DBPs during the disinfection process. Several studies have 
previously reported elevated bromide levels and enhanced formation of regulated DBPs 
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(THM4 and HAA5) at CFPP waste-impacted drinking water treatment plants.15,17–20 In 
these situations, the enhanced formation of brominated analogues can lead to regulation 
violations. Chlorine-disinfecting plants that struggle with bromide/Br-DBPs may switch 
to chloramine-disinfection to regain compliance with THM and HAA regulations.  Iodide 
levels in coal-related waste and/or impacted surface waters have not been the focus of 
previous studies, though iodide is known to co-occur with bromide in coal. In addition to 
elevated bromo-DBPs, CFPP wastewater discharged to drinking water sources has the 
potential to form highly toxic iodinated DBPs. Since iodinated DBPs form preferentially 
with chloramine disinfection, CFPP-impacted drinking water treatment plants that 
implement chloramination practices may unknowingly increase the finished drinking 
water toxicity, despite lower levels of Br-THMs and HAAs. 
Parker et al. reported bromide values for flowback waters from Pennsylvania’s 
Marcellus Shale as high as 693 mg/L and iodide as high as 5.6 mg/L.16 With the large 
volume of wastewater produced from hydraulic fracturing activities, drinking water 
sources have the potential to be impacted through a variety of pathways, including 
accidental spills, leakage from surface impoundments, leakage during injection, and 
illegal disposal.14,16 Oil and gas wastewater is also sometimes released to surface waters 
after treatment at brine treatment facilities (a common practice in Pennsylvania). Brine 
treatment processes successfully remove other components of concern (e.g., heavy 
metals, total dissolved solids [TDS], and naturally occurring radioactive material 
[NORM]), but bromide and iodide are not removed, meaning that treated water is still 
high in Br- and I-.14,16,21,22 For example, Harkness et al. reported levels ranging from 340-
650 ppm Br- and 11-29 ppm I- in the effluents of three different Marcellus Shale brine 
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treatment facilities.14 This halide-rich treated water mixes with source waters, which 
leads to the formation of bromo- and iodo-DBPs at downstream DWTPs.13,16,17 
 
 
Table 1.1. Halo-Organic Disinfection By-Products Regulated by the U.S. 






Potential Health Effects 
from Long Term Exposure 
Above the MCL 
THM4 
Chloroform 70 





Chloroacetic acid 70 
60 
Liver, kidney, or central 
nervous system problems; 
increased risk of cancer 
Dichloroacetic acid zero 
Trichloroacetic acid 20 
Bromoacetic acid n/a 
Dibromoacetic acid n/a 
MCL = maximum contaminant level (regulation; highest acceptable concentration); MCLG = 













Table 1.2.  Semiquantitative Assessment of the Sinks of Iodine During Disinfection: 
Influence of Disinfectant7*  
Disinfectant 
Products 
Iodoform Other I-THMs Iodate 
Chlorine + ++ ++ 
Chloramine +++ ++ - 






Figure 1.2. Fate of iodide in chlorine and chloramine disinfection of drinking water.2* 






IDENTIFICATION AND COMPARATIVE MAMMALIAN CELL 
CYTOTOXICITY OF NEW IODO-PHENOLIC DISINFECTION BY-




                                                 
* Liberatore, H. K.; Plewa, M. J.; Wagner, E. D.; VanBriesen, J. M.; Burnett, D. B.; 
Cizmas, L. H.; Richardson, S. D.  Environ. Sci. Technol. Lett. 2017, 4, 475-480. 





Hydraulic fracturing wastewaters discharged to surface water have led to elevated 
bromide and iodide levels, as well as enhanced formation of brominated trihalomethanes, 
haloacetic acids, haloacetonitriles, and iodo-trihalomethanes at downstream drinking 
water treatment plants, in chlorinated effluent from wastewater treatment plants, and in 
controlled laboratory studies. This enhanced formation of brominated and iodinated 
disinfection by-products (DBPs) raises concerns regarding human health, because they 
are much more toxic than chlorinated DBPs. This study represents the first non-target, 
comprehensive analysis of iodinated DBPs formed in chloraminated produced waters 
associated with hydraulic fracturing of shale and conventional gas formation. Fifty-six 
iodo-phenolics were identified, comprising three homologous series of mono-, di-, and 
tri-iodinated phenols, along with two new classes of DBPs: iodomethylphenols and 
iododimethylphenols. Four iodo-phenolics (2-iodophenol, 4-iodophenol, 2,4,6-
triiodophenol, and 4-iodo-2-methylphenol) were investigated for mammalian cell 
cytotoxicity. All were cytotoxic, especially 2,4,6-triiodophenol, which was more 
cytotoxic than all trihalomethanes and most haloacetic acids. In addition, geogenic 
organic compounds present in the oil and gas produced waters, including methylphenol 
and dimethylphenol, were found to be potential precursors to these iodo-DBPs. 
2.1 INTRODUCTION 
Oil and gas extraction processes employ large volumes of water, amended with 
chemicals and injected into wells at high pressure to facilitate withdrawal from shale or 
reservoirs. Water, carrying oil and gas as well as residual chemicals, returns to the 




components from the formation, including total dissolved solids (TDS), naturally 
occurring radioactive material (NORM), organic material, and halides. Drinking water 
sources have the potential to be impacted by oil and gas wastewater through spills during 
storage or transportation, illegal disposal, or discharge from treatment facilities that do 
not fully remove contaminants. While conventional wastewater treatment removes the 
majority of TDS and NORM, dissolved organic matter and halides are not removed, and 
thus, can be released to surface waters.10,14–17,21,22,24–29 Elevated levels of bromide and 
iodide are a concern, as their release into surface waters used as drinking water sources 
can lead to formation of brominated and iodinated disinfection by-products (DBPs) 
during drinking water treatment. Many of these DBPs are cytotoxic, genotoxic, 
mutagenic, or tumorigenic.1–3,30–37 In general, iodinated DBPs are the most toxic, 
followed by brominated, with chlorinated DBPs the least toxic.1–3,6,34,35,37 
To reduce regulated DBP levels, many drinking water plants have switched from 
chlorine to monochloramine for disinfection. While monochloramine reduces regulated 
trihalomethanes (THMs) and haloacetic acids (HAAs), it promotes the formation of more 
toxic unregulated DBPs, including iodinated and nitrogenous DBPs.1–3,6,11,30,34–36,38–45 
Recent studies showed that chloraminated water with elevated bromide and iodide levels 
produces water that is more cytotoxic and genotoxic than chlorinated water, due to 
enhanced formation of iodinated DBPs.3,12 
Previous studies reported that oil and gas wastewater discharged to surface waters 
after partial treatment leads to elevated bromide and iodide concentrations in receiving 
streams and at downstream drinking water plants14,17,26 and enhanced formation of 




gas wastewater impacts include bromo- and iodo-THMs, bromo-HAAs, bromo-
acetaldehydes, bromo-nitromethanes, and bromo-acetonitriles.10,15,16,24 Due to the large 
amount of water required, as well as water scarcity issues, the oil and gas industry 
initiated treatment methods to minimize disposal and allow reuse of wastewater for 
further hydraulic fracturing or for agriculture.46,47 These treatments include 
microfiltration and nanofiltration, which were the focus of our study. Raw (untreated) 
produced waters were also analyzed. In this study, we conducted the first comprehensive, 
non-target assessment of DBPs formed in chloraminated oil and gas produced water, as 
well as the first cytotoxicity analyses of the iodo-phenolic DBPs identified.  
2.2 MATERIALS AND METHODS 
Standards and Reagents. Reagents for disinfection reactions and chemical 
analyses were purchased from VWR International (Radnor, PA), Fisher Scientific (Fair 
Lawn, NJ), and Sigma-Aldrich (St. Louis, MO). Authentic standards for DBP 
confirmation were purchased from Sigma-Aldrich and Spectra Group Synthetics LLC 
(Millbury, OH). Detailed vendor information and solution preparation can be found in the 
Supporting Information (SI).  
Sample Treatment and Characterization. Produced waters from a hydraulic 
fracturing well in the Barnett Shale (TX) and a gas reservoir in McAllen, TX were 
subjected to successive membrane-filtration treatments. Barnett Shale and McAllen 
produced waters were filtered successively to nanofiltration permeate (Barnett NF) and to 
microfiltration permeate (McAllen MF), respectively (Figure B.1), and were shipped on 
ice and stored at 4°C. Total organic carbon (TOC) analyses were performed using a 




1.91 and 23.7 mg/L were measured in Barnett NF and McAllen MF, respectively. Halide 
measurements were performed using a Dionex ICS-1600 ion chromatograph with 
conductivity detection (Thermo Fisher Scientific, Waltham, MA); sample dilutions 
ranged from 10 to 10,000-fold. Concentrations of bromide and iodide in Barnett NF were 
96.6 and 38.4 mg/L, respectively. In McAllen MF, bromide and iodide concentrations 
were 28.8 and 13.6 mg/L, respectively. Sample characteristics for these and raw produced 
waters are summarized in Table 2.1. 
Disinfection and DBP Analysis. Disinfection reactions were performed in 60 mL 
amber bottles at room temperature (21 [± 2] °C). A 50 mL sample of each water was 
disinfected at pH 7 with 1 mg/L NH2Cl per mg/L TOC for Barnett NF (1.91 mg/L) and 1 
mg/L NH2Cl per 3 mg/L TOC (7.80 mg/L) for McAllen MF. The McAllen MF was 
dosed at a lower ratio due to its extremely high TOC (23.7 mg/L). After 72 h reaction 
time, sample pH was adjusted with concentrated sulfuric acid to pH 1.4. Immediately 
after acidification, samples were liquid-liquid extracted three times with 15 mL 
dichloromethane, residual water was removed from extracts by passing through a column 
packed with sodium sulfate, and extracts were concentrated 50-fold to 1 mL. As a 
control, 50 mL of each non-disinfected water was extracted and analyzed. Additional 
experimental details regarding monochloramine preparation, sample pH, and chlorine 
dose are provided in the Supporting Information. Samples were analyzed by gas 
chromatography- mass spectrometry (GC-MS) with electron ionization. Unit resolution 
MS was used for initial comprehensive analysis, while high resolution (50,000) MS was 
used for the determination of molecular formulas. Detailed instrumentation and method 




Biological and Chemical Reagents, Chinese Hamster Ovary (CHO) Cells. 
CHO K1 cell line AS52, clone 11−4−8 was used.48 The CHO cells were maintained in 
Hams F12 medium containing 5% fetal bovine serum (FBS), 1% L-glutamine, and 1% 
antibiotics (0.25 μg/mL amphotericin B, 100 μg/mL streptomycin sulfate, and 100 
units/mL sodium penicillin G in 0.85% saline) at 37°C in a mammalian cell incubator 
with a humidified atmosphere of 5% CO2.  
CHO Cell Chronic Cytotoxicity Analyses. The CHO cell chronic cytotoxicity 
assay quantitatively measures the reduction in cell density as a function of the 
concentration of the individual iodo-phenolic compounds over 72 h. Details of the CHO 
cell cytotoxicity assay were published.34,37 Each individual iodo-phenolic (1 M in 
dimethylsulfoxide (DMSO)) was diluted with F12 plus FBS cell culture medium, and in 
general 10 concentrations (with replicates) were analyzed in a 96-well microplate. After 
72 h, the cell density expressed as the percentage of the concurrent negative control was 
recorded. These data were used to construct concentration-response curves. 
Statistical Analysis. For individual iodophenols, one-way ANOVA tests were 
conducted to determine the lowest molar concentration that induced a statistically 
significant level of cytotoxicity as compared to their concurrent negative control (P ≤ 
0.05). To determine whether a statistically significant difference existed amongst 
different iodophenols, LC50 values (the concentration of each iodophenol that induced a 
cell density 50% of the negative control) were determined through regression analyses of 
each concentration–response curve. Using a bootstrap statistical approach the LC50 values 
were converted into mean cytotoxicity index values (CTI) = (LC50
-1)(103) to allow for 




maintained at ≥0.8 at α = 0.05. A detailed discussion of the statistical methods were 
published.34 
2.3 RESULTS AND DISCUSSION 
Bromide and Iodide. Previous studies of U.S. oil and gas wastewater report 
bromide levels ranging from tens to thousands of ppm and iodide ranging from 2 to 50 
ppm.14,49 Comparatively, McAllen MF halide levels were on the low end of these ranges 
(28.8 and 13.6 ppm for bromide and iodide, respectively), whereas Barnett NF levels 
were higher than McAllen, with 96.6 ppm bromide and 38.4 ppm iodide (Table 2.1). 
Iodo-DBP Identification and Confirmation. A total of 56 iodinated DBPs were 
identified in the chloraminated produced waters. Thirty-seven of these contained only 
iodine. Extracted ion chromatograms of m/z 127 were used to target iodinated 
compounds in the GC-MS analyses. Each peak’s mass spectrum was analyzed by manual 
inspection and library database searching the 2014 National Institute of Standards and 
Technology (NIST) library. NIST library matches were found for 2-iodophenol, 4-
iodophenol, and 2,4,6-triiodophenol, with molecular ions (M•+) of m/z 220, 220, and 472, 
respectively. Peaks with M•+ m/z 234 resulted in high-similarity matches with 
iodomethylphenols, but also matched very closely with iodoanisoles, which have almost 
identical fragmentation patterns. Peaks with M•+ m/z 360 matched closest with 
diiodobenzoquinone (Figure B.2), but differences in fragmentation indicated that these 
were likely another type of diiodo-aromatic compound.  
High-resolution mass spectrometry confirmed molecular formulas for all iodo-
phenolics identified; all 30 iodine-containing DBPs were within three homologous series 




iododimethylphenols (iodoxylenols). Importantly, high resolution-MS also reinforced 
that the DBPs that showed a library match to diiodobenzoquinones were actually 
diiodomethylphenols (observed accurate mass of m/z 359.8505, molecular formula of 
C7H6I2O) and not diiodobenzoquinones (theoretical m/z 359.8139, C6H2I2O2). Observed 
and formula-calculated theoretical exact masses are presented in Table 2.2.  
Authentic standards of iodo-phenols, -methylphenols, and -dimethylphenols were 
analyzed to confirm their identities in the chloraminated treated produced waters. Mass 
spectra of standards were compared to those in the chloraminated water extracts to make 
presumptive compound identifications without isomeric confirmation, while mass 
spectral matches combined with retention time matches (Figure B.3), were used to 
confirm the exact isomer of each iodo-phenolic. A total of 11 isomer-specific structures 
were confirmed (Figure B.4): 2-iodophenol, 4-iodophenol, 2,6-diiodophenol, 2,4-
diiodophenol, 2,4,6-triiodophenol, 2-iodo-4-methylphenol, 4-iodo-2-methylphenol, 2-
iodo-4,5-dimethylphenol, 4-iodo-2,6-dimethylphenol, 4-iodo-2,5-dimethylphenol, and 
4,6-diiodo-2,3-dimethylphenol. Further generic (non-isomer-specific) compound 
determinations (Figure B.5) were made for four more isomers of iodomethylphenol, six 
more isomers of iododimethylphenol, and eight more isomers of diiododimethylphenol. 
Standards were not available for diiodomethylphenols, triiodomethylphenols, or 
triiododimethylphenols, and thus, they were tentatively identified by manual spectral 
interpretation (Figure B.6) and high resolution-accurate mass MS (Table B.2). GC-MS 
chromatograms are shown in Figures 2.1 and B.7, with details regarding mass spectral 




In addition to the solely iodinated phenolics, 19 brominated and chlorinated 
phenolics were also tentatively identified using extracted ion chromatograms (extracting 
M•+ and predicted fragment ion m/z, based on iodo-phenolic mass spectra), accurate 
masses, and distinctive halogen patterns.50 While the chloraminated Barnett NF sample 
did not show evidence of brominated or chlorinated components, the chloraminated 
McAllen MF sample yielded multiple isomers of mixed bromo-chloro-iodo-phenols and -
methylphenols (Figure B.8, Table B.3).  
None of these iodo-phenolics, nor any other iodinated compounds, were observed 
in either non-disinfected control. To our knowledge, this is the first report of 
iodomethylphenols and iododimethylphenols as DBPs. Though mono-, di-, and tri-iodo-
phenols, -methylphenols, and -dimethylphenols were observed in both Barnett NF and 
McAllen MF chloraminated waters, the number of isomers varied between the two. More 
isomers of iodinated dimethylphenol were formed during chloramination of McAllen MF 
than Barnett NF. In addition, the predominant species formed (based on GC-MS 
abundances, Table B.2) varied between the two. While iodinated phenol species were 
most abundant in McAllen MF, iodinated methylphenols were the dominant DBPs 
formed in Barnett NF. It is possible that more species, including the bromoiodo- and 
chloroiodo-phenolics, were formed in McAllen MF than in Barnett NF due to much 
higher TOC:X- ratios of McAllen MF. Given that the McAllen MF and Barnett NF are 
products of different processes and geological formations (gas from a conventional 
reservoir and oil from a shale formation, respectively), it is also likely that the precursors 




Precursors of Iodo-Phenolics. We suspected that the precursors for iodo-phenol 
formation were phenol, methylphenols (cresols), dimethylphenols (xylenols), or other 
short-chain alkyl phenols, as these are common geogenic organics found in produced 
waters.24,25,49,51,52 These have been previously reported in produced waters at 
concentrations as high as 20.2, 13.7, and 8.2 mg/L for phenol, total cresols, and total 
xylenols, respectively.52 GC-MS analysis of the non-disinfected produced waters showed 
evidence of the presence of phenol, at least two isomers of methylphenol, and several 
isomers of dimethylphenol (Figure B.9). To further confirm these as potential precursors, 
controlled reactions were performed in purified water with 4-methylphenol and 2,6-
dimethylphenol for 72 h, under the following conditions: (1) chloramination, (2) addition 
of iodide, and (3) addition of iodide and chloramination (Table B.4). Reactors spiked 
with iodide followed by chloramination resulted in 75% and 100% consumption of 4-
methylphenol and 2,6-dimethylphenol, respectively, and the formation of three iodo-
phenolic DBPs: 2-iodo-4-methylphenol and diiodomethylphenol from 4-methylphenol, as 
well as 4-iodo-2,6-dimethylphenol from 2,6-dimethylphenol. In chloraminated reactors 
without iodide, chlorinated analogues were observed, with only 15% of the starting 4-
methylphenol and 30% of 2,6-dimethylphenol consumed. In reactors with iodide in the 
absence of disinfectant, no halogenated species were formed. The lack of trihalogenated 
species in any of the chloraminated reactors is not surprising, as further substitution of 
iodine or chlorine into the structure (>2 halogens for 4-methylphenol and >1 halogen for 
2,6-dimethylphenol) is unfavorable due to ortho/para-directing of the hydroxy- and 
methyl-groups, as well as limited availability of positions on the ring. The high number 




that multiple methylphenol/dimethylphenol isomers or other compounds containing 
cresol or xylenol groups may also serve as precursors for the iodomethylphenol and 
iododimethylphenol DBPs discovered. There is also the possibility that nonylphenol 
surfactants added to hydraulic fracturing fluids or other geogenic alkylphenols may be a 
source.25,46,51,52 
Mammalian Cell Cytotoxicity of Iodo-Phenolics. The first compounds to be 
confirmed (2-iodophenol, 4-iodophenol, 2,4,6-triiodophenol, and 4-iodo-2-methylphenol) 
were investigated for chronic cytotoxicity with CHO cells. Cytotoxicity concentration-
response curves are illustrated in Figure 2.2. The lowest cytotoxic concentration, LC50, 
and cytotoxicity index values are presented in Table B.5 and Figure B.10. The 
descending order of cytotoxicity is 2,4,6-triiodophenol >> 4-iodo-2-methylphenol > 4-
iodophenol >> 2-iodophenol, with LC50 values of 4.37×10
-5, 1.63×10-4, 2.16×10-4, and 
6.01×10-4 M, respectively. 2,4,6-Triiodophenol was more cytotoxic than the THMs and 
HAAs with the exception of bromoacetic acid and iodoacetic acid.34 A previous study 
demonstrated that 4-iodophenol and 2,4,6-triiodophenol were toxic to marine algae at 1-2 
orders of magnitude lower concentrations than aliphatic halogenated DBPs, including 
iodoacetic acid.53 In a developmental toxicity study, 2,4,6-triiodophenol was two orders 
of magnitude more toxic to polychaete embryos than iodoacetic acid.54 
Implications for Drinking Water. Previous studies demonstrated enhanced 
formation of bromo- and iodo-THMs, bromo-HAAs, and bromoacetonitriles in 
chlorinated and chloraminated source waters impacted by oil and gas wastewater,10,15,16 
as well as the discharge of DBPs and phenolics into surface waters from facilities that 




compounds in oil and gas wastewaters can act as precursors to halogenated organic 
DBPs. We discovered novel chloramine-mediated iodo-DBPs. In addition to the 
cytotoxicity in the present study, iodophenols and iodomethylphenols have extremely low 
taste and odor thresholds, and are often associated with medicinal-like and fecal-like 
odors.55,56 Thus, these iodo-DBPs might contribute to foul-tasting drinking water, as well 
as pose a potential public health risk. 
It is likely that in oil- and gas-impacted drinking water sources, iodo-phenolic 
DBPs could form at significant levels, particularly where chloramination is used. This is 
important to consider in circumstances where discharge of treated oil and gas wastewater 
may have led to THM and HAA levels that exceed EPA regulations, leading to utility 
decisions to switch to chloramination to improve compliance. While chloramination will 
significantly reduce regulated DBPs, it can lead to formation of more toxic unregulated 
iodo-DBPs, including these iodo-phenolics, when source waters are elevated in bromide 
and iodide. Furthermore, to protect drinking water in areas impacted by hydraulic 
fracturing waste, methods for removing bromide and iodide should be further 
investigated as pre-treatment options before release to surface waters. 
2.4 TABLES AND FIGURES 
Table 2.1. Sample Characteristics of Barnett and McAllen Produced Waters  
Source Barnett McAllen 
 Raw Feed Nanofiltered Raw Feed Microfiltered 
TOC (mg 
C/L) 
214 ± 11 1.91 ± 1.09 575b 23.7b 
Cl- (mg/L) 31,256 ± 1,332 24,058b 12,838 ± 20 12,422 ± 184a 
Br- (mg/L) 125 ± 7 96.6 ± 5.6 29.1 ± 0.1 28.8 ± 0.3a 
I- (mg/L) 53.5 ± 0.8a 38.4b 14.3 ± 0.1 13.6 ± 0.6 
Reported as average ± standard error of 2 replicate measurements (n=2), except where otherwise specified 






Table 2.2. Molecular Formulas, Observed and Theoretical Accurate Masses, and 



















Iodophenol C6H5IO 219.9381 219.9380 2 2 2 
Diiodophenol C6H4I2O 345.8348 345.8346 2 2 2 
Triiodophenol C6H3I3O 471.7311 471.7313 1 1 1 
Iodomethylphenol C7H7IO 233.9536 233.9537 6 6 2 
Diiodomethylphenol C7H6I2O 359.8505 359.8503 5 5 0 
Triiodomethylphenol C7H5I3O 485.7468 485.7469 1 1 0 
Iododimethylphenol C8H9IO 247.9694 247.9693 7 9 3 
Diiododimethylphenol C8H8I2O 373.8661 373.8659 6 9 1 
Triiododimethylphenol C8H7I3O 499.7626 499.7626 2 2 0 
a No standards were available for diiodomethylphenols, triiodomethylphenols, or 
triiododimethylphenols. These identifications are based on manual mass spectral 








Figure 2.1. Iodo-phenolic DBPs identified in chloraminated Barnett nanofiltered (NF).a,b  
a Italicized names correspond to components that have been mass spectrally confirmed against a standard 





Figure 2.2. CHO cytotoxicity concentration-response curves for 2-iodophenol, 4-
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Studies have shown that hydraulic fracturing (HF) wastewaters introduced to 
surface water lead to elevated bromide and iodide levels, as well as enhanced formation 
of brominated and iodinated disinfection by-products (DBPs) at downstream drinking 
water treatment plants. In addition to geogenic components, like bromide and iodide, HF 
wastewaters contain high levels of chemical additives to optimize extraction activities. 
Among these additives are surfactants, which are used to increase fluid viscosity and 
enhance hydrocarbon extraction. At hundreds of mg/L, fluid additives, including 
surfactants, have the potential to serve as organic DBP precursors in HF wastewater 
(WW)-impacted drinking water sources. 
This study reports the first identification of olefin sulfonate surfactant-derived 
DBPs, identified from disinfected gas-extraction WW. Over 300 sulfur-containing DBPs, 
with 43 unique molecular formulas, were found by non-targeted high-resolution mass 
spectrometry. In both chlorinated and chloraminated WW, these consisted of mostly 
brominated species, including bromohydrin sulfonates, dihalo-bromosufonates, and 
bromosultone sulfonates. Comparison to a commercially available C12 olefin sulfonate 
(dodecene sulfonate) surfactant mixture revealed that most of these DBPs originated from 
several isomers of dodecene sulfonate, while di-S-containing DBPs, like bromosultone 
sulfonate and bromohydrin disulfonate, originated from C12 olefin disulfonate species, 
which are common impurities in the production of olefin sulfonate. The most prominent 
DBPs, bromohydrin sulfonates, constituted approximately 10% of the total organic 
bromine in the chlor(am)inated WWs. Further, disinfection of the gas WW increased 




toxic. This finding is important to HF-impacted drinking water, as drinking water plants 
with high bromide source waters may switch to chloramination to meet DBP regulations.   
3.1 INTRODUCTION 
Hydraulic fracturing (HF) activities have become increasingly common, due to 
enhanced gas extraction from shale.  Millions of liters of water are injected per well, and 
water that is injected returns to the surface, containing components released from the 
shale – like bromide and iodide.  With the large volumes of wastewater being created, 
transported, and disposed of, there is concern for contamination of drinking water 
sources.14,16 In most source waters, the major organic DBP precursor is natural organic 
matter (NOM), which is comprised of fulvic and humic acids.1 However, disinfectants 
can also react with organic contaminants to form DBPs.1,23,57 Hydraulic fracturing 
wastewaters tend to be very high in dissolved organic matter (DOM), contributed by both 
anthropogenic and geogenic constituents.23,25 
HF fluids (and their wastewaters [WWs]) contain chemical additives to optimize 
the efficiency of shale fracturing and oil/gas extraction processes. Common additives 
include biocides, friction reducers, corrosion inhibitors, and surfactants, among others. 
While additives make up a small portion of the fracking fluid on a percentage basis 
(mostly sand and water; <1% additives), they are added at what are quite high levels 
(hundreds to thousands of parts-per-million [ppm; mg/L]) from an environmental 
contaminant perspective.  There are thousands of chemicals used in the oil and gas 
industry, and different combinations are employed for different wells, determined by the 




share proprietary chemical details; generally, chemicals that are disclosed are done so 
generically, without revealing exact mixture compositions.58  
 Surfactants constitute approximately 0.075% (750 mg/L) of the fluid injected 
during the fracking process.58 At these high levels, after release to surface waters and 
mixing, surfactants still have the potential to exist at mg/L levels in impacted source 
waters. This is similar to typical NOM levels observed in surface waters. Surfactants 
present in oil and gas wastewater are not well characterized, as they are a broad class of 
chemicals with a variety of compositions (i.e., cationic, anionic, nonionic, and 
amphoteric), and exact chemical compositions are often unknown.58 Most literature 
discussing non-targeted identification of HF WW surfactants have focused on nonionic 
ethoxylate-based surfactants.58–60 To the best of our knowledge, the only class of 
surfactants that has been studied related to DBP formation are alkylphenol ethoxylates, 
studied after chlorination at municipal WW treatment plants (not related to HF).61,62  
Previous HF DBP studies have primarily focused on quantifying select known 
brominated and iodinated DBPs formed from bromide and iodide contributed by HF 
waste in the presence of NOM after dilution with surface waters.10,14–17,24,26 Though a 
previous study reported unintended halogenated by-products formed during the fracking 
process, likely from biocide or other oxidant fluid additives,63 very little work has been 
conducted pertaining to the role of anthropogenic constituents (HF fluid additives, 
including surfactants) on DBP formation during drinking water disinfection. This study 
reports the first non-targeted identification of olefin sulfonate surfactant-derived DBPs, 





3.2 MATERIALS AND METHODS 
Standards and Reagents. Sodium hypochlorite solution (NaOCl, 5.65-6%) was 
purchased from Fisher Scientific (Fair Lawn, NJ). Ammonium chloride (NH4Cl) and 
sodium halide salts (i.e., NaCl, NaBr, and NaI) were obtained from Sigma-Aldrich (St. 
Louis, MO). Ethyl acetate and methanol were GC2 grade from Burdick & Jackson 
(Muskegon, MI). Anhydrous dibasic potassium phosphate, hydrochloric acid, sulfuric 
acid, and sodium hydroxide were obtained from Fisher Scientific.  
All inorganic reagents (i.e, halides, NaOCl, NH4Cl, and buffer stock solutions) 
were prepared at least monthly in purified water (18 MΩ-cm-1) from a Barnstead E-Pure 
system (Lake Balboa, CA). NaOCl reagent was standardized (λmax = 292 nm, ε = 350 M
-1 
cm-1)41 within a week prior to each disinfection experiment using a Molecular Devices 
SpectraMax M5 spectrophotometer (Sunnyvale, CA). Monochloramine reagent was 
prepared fresh with new solutions of NaOCl and NH4Cl. Briefly, 100 mL of 0.05 M 
NH4Cl was adjusted to pH 8.5 with 1 M NaOH. While stirring and maintaining pH 
between 8.4 and 8.7 with HCl and NaOH, 77 mL of 0.05 M NaOCl was added to the 
NH4Cl solution, a few mL at a time, to satisfy a 1:1.3 NaOCl:NH4Cl molar ratio. 
Resulting monochloramine concentration was determined spectrophotometrically (λmax = 
243 nm, ε = 461 M-1 cm-1)41. 
Sample Collection and Characterization. Produced water samples from a Texas 
gas-charged reservoir were collected headspace-free in 2 L high density polyethylene 
(HDPE) containers. Prior to two-day shipment on ice, a portion of the produced water 
was subjected to pretreatment methods that included bag filtration (20 µm) and 
gas/hydrocarbon removal. The two types of samples were thereafter deemed “pretreated 




collection site, where it was transferred to HDPE bottles headspace-free and shipped 
alongside samples as a travel/field blank (FB). 
Total organic carbon (TOC) analyses were performed using a Sievers InnovOx 
TOC Analyzer (GE Analytical Instruments, Boulder, CO). Prior to halide analysis, 
samples were 0.45-µm filtered through polyethersulfone membrane syringe filters (VWR 
International, City, State) that were pre-rinsed with a 10 mL wash of purified water to 
remove iodide interferent. Calibration standards for chloride (10-750 µg/L), bromide (1-
750 µg/L), and iodide (10-750 µg/L) were prepared in purified water. Standards and 
filtered samples were analyzed by a Dionex 1600 ion chromatograph (IC) with 
conductivity detector (Sunnyvale, CA). 
 Simulated Disinfection Experiments. RF, PT, and FB waters were each mixed 
separately in purified water (10% sample + 90% purified water). Large-scale reactions 
(18 L for PT and RF; 21 L for FB) were performed in stoppered glass jugs, covered to 
minimize light exposure. Chlorination and chloramination reactions were performed for 
24 and 72 h, respectively, with disinfectant doses to achieve a 1.0-2.0 mg/L chlorine 
residual at the end of the allotted reaction times. Each reactor was buffered at pH 7.5 with 
10 mM phosphate. Controls of each sample, with no disinfectant applied, were analyzed 
in the same manner for comparison. 
 A portion of the reaction mixture was quenched with ascorbic acid (1.3:1 
quench:chlorine, assuming a 2.5 mg/L residual) and analyzed directly by liquid 
chromatography (LC)-high resolution mass spectrometry (MS). A 250 mL aliquot of the 




halogen (TOX). The remainder of the water was extracted using XAD resins for high-
concentration factor, high-sensitivity MS analyses. mammalian cell cytotoxicity studies.  
 Total Organic Halogen (TOX). Total organic chlorine, bromine, and iodine 
(TOCl, TOBr, TOI) were measured, in duplicate, according to a previously published 
method using a TOX analyzer (Mitsubishi Chemical Analytech, Chigasaki, Japan; Cosa 
Xentaur, Yaphank, NY, USA), followed by ion chromatography (IC).64,65 For each 
replicate, approximately 50 mL of quenched, acidified (pH < 2) sample were passed 
through two activated carbon columns on the Mitsubishi TXA-04 adsorption unit to 
isolate organic components. Residual inorganic species were removed from the carbons 
with a 5 mL nitric acid wash (5 mg NO3
-/mL). 
The two carbons for each sample were placed into separate ceramic boats for 
combustion, though their combustion products were collected into the same tube during 
sorption. An autosampler (Mitsubishi ASC-240S) loaded boats containing carbons into 
the combustion unit (AQF-2100H). Carbons were pyrolyzed at 1000 °C for 4 min in the 
presence of oxygen and argon. Combustion products of halo-organic compounds (i.e., 
hydrogen halide gases [HCl, HBr, HI]) were collected in approximately 5 mL of 0.03% 
H2O2, with an additional 3 mL of H2O2 solution that were used to rinse the gas line from 
the furnace to the sorption unit (AU-250). TOCl, TOBr, and TOI were quantified as Cl-, 
Br-, and I- using the IC halides method described above. 
For accurate TOX determination, each of the lines on the adsorption unit were 
calibrated within two months of analysis to determine the exact volume of each, which 




HBr, HI) gases were weighed empty and after the sorption process to gravimetrically 
determine the dilution factor associated with this step of the process.  
 XAD Resin Extraction. A previously published standard operating procedure66–
68 was modified and used to extract and concentrate the organic material and DBPs from 
the reactors. Briefly, 30 mL each of XAD-2 and DAX-8 resins (Sigma-Aldrich) were 
conditioned with successive rinses of water, 0.1 M HCl, and 0.1 M NaOH, as stated in 
the SOP. Samples were acidified, 2 L at a time, to pH 0-2 with concentrated sulfuric acid. 
Acidified samples were poured over the resins to waste. Adsorbed components of 
samples were eluted with 200 mL of ethyl acetate, which was dried with sodium sulfate 
and concentrated under nitrogen to 2 mL. A portion of this extract was solvent exchanged 
in methanol for high-sensitivity mass spectrometric analyses. 
Biological and Chemical Reagents, Chinese Hamster Ovary (CHO) Cells. 
CHO K1 cell line AS52, clone 11−4−8 was used.48 Cells were kept at 37 °C in a 
mammalian cell incubator with a humidified atmosphere of 5% CO2, and were 
maintained in Hams F12 medium with 5% fetal bovine serum (FBS), 1% L-glutamine, 
and 1% antibiotics (0.25 μg/mL amphotericin B, 100 μg/mL streptomycin sulfate, and 
100 units/mL sodium penicillin G in 0.85% saline)  
 CHO Cell Chronic Cytotoxicity Analyses. The majority (85%) of the ethyl 
acetate XAD extracts were used for cytotoxic evaluation in Chinese hamster ovary 
(CHO) cells based on a previously published method.34,37 Each extract was solvent 
exchanged in dimethylsulfoxide (DMSO) and diluted with F12 plus FBS cell culture 
medium. A variety of concentration factors (CFs) were analyzed (with replicates) in a 96-




and raw), the cell density was recorded and used to construct concentration-response 
curves. LC50, the CF which induced 50% cell density compared to a negative control, and 
cytotoxicity index value (CTI = [LC50]
-1[103]) were determined from concentration-
response curves. Both LC50 and CTI value are expressed in terms of the CF associated 
with induction of cytotoxic effects.  
  LC-MS and Ultrahigh-Resolution MS Analyses. For initial non-targeted DBP 
screening, an Agilent (Santa Clara, CA) liquid chromatograph (LC)-quadrupole-time-of-
flight (Q-TOF) mass spectrometer (MS) was used. LC (1290 Infinity II UHPLC) and MS 
(6545 QTOF) parameters are provided in Appendix C Tables C.1 and C.2, respectively. 
Briefly, quenched water samples were diluted 10-fold, and 10 µL was injected onto a 
C18 column (2.1 mm x 150 mm x 2.7 µm). The LC method employed a gradient elution 
program with water and methanol (both with 0.1% formic acid), ramping from 5% to 
95% methanol over a 12 min period. Negative electrospray ionization [ESI(-)] MS and 
MS/MS spectra were obtained simultaneously, allowing for correlation of precursor and 
product ions during data processing.69 
 For further DBP identification and structural elucidation, a 21T Fourier transform 
ion cyclotron resonance (FT-ICR) MS (National High Magnetic Field Laboratory, 
Tallahassee, FL) was used. High-sensitivity, ultra-high resolution (≥1,000,000) ESI(-) 
MS, MS/MS, and MS3 analyses were performed. Prior to analysis, portions of the XAD 
ethyl acetate extracts (equivalent to approximately 2 L of aqueous sample) were solvent 
exchanged into 200 µL of methanol, followed by a 2-fold dilution before direct-infusion 
ICR analyses. Direct-infusion allowed for longer acquisition and, thus, higher sensitivity 




acquisition (DDA) methods were utilized in MSn experiments, employing both 
abundance-based and hydrogen halide neutral loss (-HCl, -HBr, -HI) parameters to 
initiate MS3 from MS/MS fragments.  
 Later analyses for isomer-specific MS, MS/MS, and MS3 data were performed 
using an LC-Orbitrap Fusion Tribrid MS (Thermo Scientific, Waltham, MA). LC and MS 
parameters for both MS scan and MSn analyses are outlined in Tables C.3–C.5. Briefly, 
10 µL of quenched water samples was injected onto a C18 column (2.1 mm x 50 mm x 
1.7 µm). A gradient elution program of (A) 95:5 water:acetonitrile (ACN) and (B) 95:5 
ACN:water (both with 0.4 mM ammonium formate) ramped from 10% to 100 B over a 5 
min period and held at 100% B for 3 min. Separate methods were used for the acquisition 
of high-resolution (120,000) MS scan data and targeted-mass MS3 (30,000); details of 
each are provided in Tables C.4 and C.5, respectively. 
3.3 RESULTS AND DISCUSSION 
 In this study, a variety of high resolution MS techniques were utilized to obtain as 
much valuable information about the compounds of interest as possible. LC-QTOF was 
used as an initial high-resolution (30,000 resolution) screening tool, using “All Ions 
MS/MS” data independent acquisition (DIA) to quickly acquire associated accurate-mass 
MS and MS/MS data.69 While QTOF provided sufficient mass accuracy for formula 
assignments, fragmentation beyond MS/MS was necessary for structural elucidation of 
compounds. For this reason, 21T FT-ICR-MS was used to obtain high-sensitivity, 
ultrahigh-resolution (1,000,000 resolution) MS3 data of concentrated XAD resin extracts. 
An Orbitrap Fusion Tribrid (30,000-120,000 resolution) instrument was later used for 




while scanning MS3) coupled to chromatography for isomer-specific information in 
aqueous samples. 
 Preliminary Identification of Two Br-S-DBPs by LC-QTOF. The “All Ions” 
DIA data files were processed in MassHunter Qual software using molecular feature 
extraction (small organic molecule) and molecular formula generation software tools. 
Molecular formula results were filtered by Br-containing, given that brominated DBPs 
are well-known to be the highest forming during disinfection of halide-rich waters.8,9 
Four major isomers of C12H24BrSO4
- and one isomer of C12H22BrS2O6
- were observed. 
While previous studies have reported sulfur-containing DBPs,57,68 this was the first 
identification these brominated sulfur-containing DBPs. MS/MS data (Figures C.1 and 
C.2) provided little structural information, aside from the existence of Br and S in the 
structures and product ions indicative of SO4/SO3. 
 In the undisinfected control, the presence of several isomers of C12H25SO4
- (m/z 
265.1474) at high abundance seemed to be candidates for precursors to the C12H24BrSO4
- 
DBPs, as they differed by only the addition of a bromine. This is the molecular formula 
of lauryl sulfate, a widely used surfactant.58,70 However, the structure of lauryl sulfate 
(i.e., linear, saturated, with no rings or double bonds) is not conducive to common 
halogenated DBP formation during chlor(am)ination. In addition, there was not a 
significant decline in abundance for the isomers of C12H25SO4
- after disinfection, 
indicating that this component was non-reactive with chlorine and monochloramine. 
Given that high-purity surfactants are not necessary for most industrial uses, we believed 
that an impurity (perhaps an unsaturated analogue) in industrial-grade lauryl sulfate could 




sodium lauryl sulfate and subjected it to chlorine disinfection in the presence of bromide. 
However, no significant differences in mixture components were observed for 
chlorinated vs. undisinfected, confirming that lauryl sulfate is not reactive with chlorine 
and that any unsaturated analogues present were not at high enough levels to be detected 
nor formed detectable levels of DBPs. It was, therefore, unlikely that lauryl sulfate 
products were involved in the formation of these DBPs.  
 FT-ICR Direct Infusion Ultrahigh Resolution MS and MS3 of Extracts. 
Further analysis by ultra-high resolution FT-ICR-MS direct infusion of XAD extracts 
(solvent exchanged in methanol) enabled the identification of lower abundance chloro- 
and iodo- analogs of these compounds, as well as simple, direct visual comparison of 
prominent spectral features between disinfected and undisinfected samples (Figure C.3). 
MS3 experiments were necessary for structural elucidation, unveiling that these were not 
sulfates, but sulfonate compounds (likely halohydrin sulfonates). After MS/MS loss of 
HX, the major MS3 transitions (Figure C.4) were variations of SO3- and SO2-containing 
fragments/losses, as well as the loss of carbon monoxide (-CO). This type of variation 
associated with SOx losses and fragments is not uncommon for sulfonate compounds, as 
gas-phase rearrangements can occur during collision-induced dissociation.71–74 High 
sensitivity provided by FT-ICR direct infusion analysis was crucial to the isolation and 
MS/MS (and MS3) elucidation of the iodohydrin sulfonate and bromochlorosulfonate, 
which were not detected by QTOF-MS, and were of very low abundance during later LC-
MS/MS analyses on the Orbitrap MS (Figures 3.2 and C.3). In addition to its sensitivity, 
FT-ICR’s ultra-high resolution further confirmed the presence of sulfur through its ability 




from the natural abundance of heavy halogens (81Br, 37Cl) and sulfur (34S).  The 
difference between light and heavy atoms is 1.997954 for Br, 1.99705 for Cl, and 
1.995796 for S, resulting in mass spectral features that are 0.002158 and 0.001254 Da 
apart for the bromohydrin and chlorohydrin, respectively – a difference of just 3 to 4 
electrons’ mass. FT-ICR’s ultrahigh resolution could also distinguish between the 
81Br35Cl and 79Br37Cl isotopes of the bromochlorosulfonate, a difference of just 2 
electrons’ mass. 
 In the undisinfected RF and PT samples, the major peaks present were m/z 
247.13741 and 495.28217, corresponding to formulas of C12H23SO3
- and C24H47S2O6
- 
(Figure C.3). These mass spectral components greatly decreased following disinfection 
with both chlorine and chloramine (Figure 3.2), indicating that these were transformed, 
likely to form the observed halohydrin- and dihalo-sulfonate DBPs. 
Another commonly used surfactant in oil and gas extraction is olefin sulfonate.70 
The twelve-carbon variation of these surfactants (C12-olefin sulfonate) possesses the same 
molecular formula of C12H23SO3
- and a theoretical [M-H]- of m/z 247.13734, a difference 
of just 0.07 mDa from the exact mass of the unknown compounds in the undisinfected RF 
and PT samples. At high concentrations, proton dimers ([2M-H]-) of sulfonates can form 
in-source during electrospray ionization.74 This phenomenon is responsible for the 
presence of the C24H47S2O6
- (m/z 495.28217) spectral feature observed in the 
undisinfected samples. 
Many commercial olefin sulfonate products also contain hydroxysulfonate 
compounds, formed as by-products during olefin sulfonate production.75 These 




formula, but with a sulfonate (SO3) and a hydroxy (OH) group in lieu of the sulfate 
(SO4). This explains the abundant presence of m/z 265.14796 (C12H25SO4
-) in the spectra 
of both the undisinfected and chlor(am)inated samples. This component was in fact, not 
lauryl sulfate, but several isomers of hydroxydodecane sulfonate. 
 DBP and Precursor Confirmation. For further high resolution MS, MS/MS, and 
MS3 analyses with isomeric information, an LC-Orbitrap Fusion MS was used. Several 
isomers of dodecene sulfonate (C12 olefin sulfonate) found in the undisinfected samples 
were determined to be the likely precursors to these halohydrin sulfonate by-products. 
Figure 3.1 shows the formation of halohydrins only after disinfection, while the suspected 
precursor isomers were almost entirely consumed during disinfection, confirming our 
hypothesis. 
A surfactant mixture of sodium dodecene sulfonate (20-30%) and 
hydroxydodecylsulfonate (20-30%) was acquired from Stepan Company (Northfield, IL). 
This commercial product was diluted (~50 ppm) in pH 7.2 phosphate-buffered purified 
water and subjected to 18 h chlorination (100 ppm as Cl2) in the presence of bromide (10 
ppm). Three suspected DBP-precursors were identified based on area counts (>1500) and 
percent consumed (≥50%) during disinfection in both RF and bromide-containing 
surfactant mixture samples (Table 3.1). Two of these compounds, C12H23SO3
- (olefin 
sulfonate) and C12H21SO3
- (diolefin sulfonate impurity) were suspected to be the 
precursors to the singly-sulfonated DBPs identified. With olefin sulfonate being the 
major component of both the RF and commercial surfactant, it is probable that the 





A single compound, C12H23S2O6
-, was determined to be the sole precursor to all di-sulfur-
containing DBPs found. 
 In addition to consumption of the suspected precursors, further evidence was 
provided in the formation of three of the same bromohydrin sulfonate isomers identified 
in the RF chlor(am)ination reactions, as well as many of the same C12H22BrS2O6
- isomers 
(Figure 3.3). All six isomers of olefin sulfonate formed in-source proton-dimers, as did 
the isomers of the major halohydrin by-products. Different isomers possessed different 
[M-H]- to [2M-H]- ratios, which could be based on structural differences (e.g., branching 
vs. linear) or may be concentration-related.  
During initial analyses, prior to obtaining the commercial surfactant mixture, we 
had overlooked the S2O6 precursor. We did not anticipate by-products or precursors that 
would doubly-charge, so the preliminary data processing workflow used on the LC-
QTOF instrument did not incorporate the possibility of 2- charges in molecular formula 
assignments. While the singly-charged [M-H]- of m/z 327.0935 was detected at this stage 
in our investigation, it was at very low abundance (too low to indicate it might have 
formed the higher-abundance Br-DBPs). This is because the doubly-charged ions are 
favored during ionization, so the majority of these components’ signals were present as 
an ion that the processing method did not associate as related to the compound. These 
doubly- charged [M-2H]2- ions are unmistakeable, given that their isotopic pattern is the 
same as the singly-charged, but with half the m/z difference between isotopes (e.g., 
163.04332/163.54430 [13C]/164.0486[34S]), varying by approximately half of one Dalton 




ICR, because an organic extract (not aqueous sample), which did not recover the doubly-
charged precursor, was analyzed.  
 C12-Olefin Sulfonate-Derived DBP Speciation. Thermo Compound Discoverer 
software was used for non-targeted analytical comparisons between Orbitrap MS 
(120,000 resolution) data for raw, chlorinated, and chloraminated gas wastewaters and 
bromide-spiked surfactant mixture. Thousands of features were identified; results were 
filtered to include only those with assigned formulas containing “C12”, “S”, and “O”. 
With these three collective filters, 92 molecular formulas were identified for C12 sulfur 
oxide-containing components alone. From these, 43 formulas were determined to be 
DBPs, based on at least a doubling in signal from undisinfected to disinfected (indicating 
significant formation during disinfection) and a minimum abundance of 1500. Almost all 
of these had multiple isomers, with as many as 24 visible isomers (Table C.6). A total of 
330 C12-sulfonate DBPs were identified in chlorinated RF, 292 were identified in 
chloraminated RF, and 158 were present in the chlorinated olefin sulfonate mixture with 
bromide. Many DBPs shared the same isomeric distribution between samples, but others 
(e.g., C12H24ClSO4
-) favored the formation of one or two specific isomers via 
chloramination that were much lower-abundance, sometimes not detected, in chlorinated 
samples. 
The halohydrin sulfonates (C12H24XSO4
-) were by far the most abundantly-
formed DBPs in both chlorinated and chloraminated waters. While chlor(am)inated RF 
formed mostly bromohydrin sulfonates, the chlorinated Br-spiked surfactant mixture 
favored the formation of one chlorohydrin isomer over the other chloro- and bromo-




wastewater samples vs. the controlled reactions with the surfactant mixture, or due to 
failure to meet the chlorine demand in this proof-of-concept chlorination reaction setup 
for the surfactant mixture. 
There was a vast difference observed for chlorohydrin by-products between 
disinfection types that was not observed for the analogous bromo- and iodohydrin DBPs. 
This is because the extremely high levels of bromide and iodide in the HF wastewaters 
drive bromo- and iodo-DBP formation much more so than the disinfectant type; however, 
the chlorine in chloro-DBPs is contributed by the chlorine or chloramine disinfectant 
itself, not dependent on chloride concentration.7–9 For this reason, the difference in 
reactivity of chlorine vs. chloramine is demonstrated most by the chlorohydrin (and other 
chloro-DBPs) formation. In general, chloramine-disinfection tended to favor a few 
isomers, while chlorination tended to form similar (and higher) amounts of more isomers 
of the chloro-DBPs. For example, chloramination favored a single chlorohydrin species 
(3.8 min) over the others, which was 100-fold more abundant than in chlorinated water, 
while chlorine had a more equal distribution to form many other isomers. Unlike the gas 
wastewater, chlorinated Br-spiked surfactant mixture yielded many chlorohydrin isomers, 
but formed mostly a single isomer (3.5 min) that was different than that favored by 
chloramine disinfection. While not as extreme as chlorohydrin, there were slight 
differences in favoritism towards major bromohydrin species from the two disinfectants, 
as well as lower formation of the iodohydrin from chlorine than chloramine. Because of 
the tendency of iodide to form iodate in the presence of chlorine, this is not unexpected.  
It was apparent that “disulfonate” (S2O6) by-products were no longer disulfonates; 




olefin disulfonate precursors, the two-sulfur-containing halo-DBPs were observed in the 
organic extracts analyzed by direct infusion FT-ICR, meaning they were effectively 
extracted from the aqueous phase, which would be extremely unlikely if both sulfonate 
groups were left intact. In addition, it was odd to observe DBPs that had the same number 
of ring/double bond equivalents (RDBE) as their precursor compound, as usually double 
bonds are eliminated in the halogen addition reactions of olefins.76 Given that both the 
precursor (C12H23S2O6
-) and the halogenated S2O6 DBPs (e.g., C12H22BrS2O6
-) had the 
same RDBE of 1.5, this indicated that halogenation of the double bond initiated a 
reaction to form cyclic sulfur groups (sultones). Various isomers exist, likely due to 
differences in sultone ring size based on double bond placement in olefin disulfonate 
precursor isomers (Figure 3.4).77 This conclusion was further supported by the large 
difference in retention time and chromatographic peak shape between the precursor 
(early-eluting with tailing) and Br-S2O6 by-product (later-eluting, sharp Gaussian peaks). 
In addition, another di-S DBP, a bromohydrin disulfonate (C12H24BrS2O7
-), was 
identified in the chlor(am)inated gas wastewater samples. As shown in Figure 3.4, this 
by-product was early-eluting with broad, tailing chromatography and possessed a 
prominent [M-2H]2-, similar to the precursor compound. 
Other, lower-abundance halogenated DBP series were also identified in 
chlor(am)inated gas wastewater samples and the chlorinated Br-spiked surfactant mixture 
(Table C.6, Figure C.6), including mono- and di-halogenated sulfonates formed from the 
same suspected olefin sulfonate precursors. A large variety of DBPs were formed that 
could have resulted from both the olefin sulfonate or from impurities, like di-olefin 




example, DBPs of the generic formula C12H23-nXnSO4
-, including the monochlorinated 
species (C12H22ClSO4
-), have the same RDBE as olefin sulfonate (1.5), indicating either 
halohydrination of di-olefin sulfonate (RDBE 2.5) to form halohydroxydodecene 
sulfonates or the formation of halo-carbonyl sulfonates from olefin sulfonate precursors. 
Both olefin and di-olefin sulfonates were completely consumed in chlor(am)ination of RF 
(Table 3.1), and several isomers of these DBPs were formed at higher abundance than the 
di-olefin precursor. This indicates that both species are likely precursors, with olefin 
sulfonate having a larger contribution than di-olefin sulfonate. The formation of 
dihalogenated variations of this same DBP class (e.g., C12H21Cl2SO4
-) support the idea of 
ketone and aldehyde formation, as it is common for multiple α-substitutions to occur, 
resulting in multiply-halogenated carbonyl compounds.76 
 In addition to halogenated DBPs, many non-halogenated products were observed 
post-disinfection, including higher degrees of unsaturation (i.e., more double bonds), as 
well as mono- and multi-hydroxy- and carbonyl-sulfonates (Table C.6). In general, 
chlorination and chloramination both resulted in these by-products, but tended to vary in 
which major isomers formed. Nitrogen-containing DBPs (both halogenated and non-
halogenated) were also formed, but only in the chloraminated samples. N-DBPs with 
RDBE of 2.5 (e.g., C12H22NSO3
- and C12H22NSO4
-) are likely nitriles or hetero-rings 
containing a double bond, while those with RDBE of 1.5 are likely amides, which can be 
formed through the hydrolysis of nitrile intermediates in disinfected water.45,78 
 Importance of High-Resolution MS. High resolution MS was crucial to the 
identification of DBPs in this mixture, given its extreme complexity.  Figure C.7 shows a 




where low resolution may have led to misidentification of components as halo-DBPs 
from the appearance of characteristic halogen isotope patterns. With the high level of co-
elution and convolution that is present in these complex mixtures, in the absence of high-
resolution, accurate mass capabilities, m/z series of A/A+2/A+4/A+6, like that of 
313/315/317/319 shown in Figure C.5 could be mistaken for a tribromo-compound, based 
on its pattern. However, further decimal places reveal that, in fact, only two of these 
peaks belong to the same compound (315/317), which contains only one bromine. 
Similarly, the ions at m/z 261/263/265 could be indicative of a dibrominated compound, 
when in fact, each m/z belongs to a different compound. 
There are thousands of chemicals used in HF, which vary from well to well based 
on geological conditions.58 Complexity of mixtures and lack of proprietary chemical 
details make the identification of additives, much less DBPs resulting from these 
additives, extremely difficult. In the absence of information and high-quality standards, 
high-resolution MS (with MSn information) is a crucial tool in the generic structural 
elucidation of unknowns. While specific isomers are unknown, new classes of DBPs can 
still be identified through high-resolution accurate mass analyses. 
 Cytotoxicity and TOX. The toxicity of both RF and PT gas wastewaters were 
greatly enhanced by chlor(am)ination. In fact, disinfected samples were so cytotoxic that 
they required dilution (concentration factor < 1) beyond their initial concentration (Figure 
3.5, Table C.7).  Chlorinated and chloraminated WWs were 14-fold and 26-fold more 
toxic than undisinfected controls for both PT and RF samples. Though chloraminated PT 
and RF wastewaters exhibited lower formation in overall total organic halogen (TOX), 




likely due to the formation of higher toxicity iodinated and nitrogenous DBPs during 
chloramination.1–3 
Based on olefin sulfonate’s ion abundance in the surfactant mixture analyzed, it 
was estimated that the bromohydrin sulfonate DBPs constituted approximately 10% of 
the quantified total organic bromine (TOBr) in the chlor(am)inated HF wastewaters.  
Nothing is known about the toxicity of these newly identified sulfonate DBPs; it is 
unclear whether their formation contributes significantly to the observed increase in 
toxicity with disinfection. It is possible that the observed toxicity could be due to the 
formation of other DBPs not identified in this study. For example, a previous study of 
surfactant-based DBPs in WW, halogenated nonylphenol compounds, revealed that halo-
nonylphenolics exhibited weaker estrogenicity than the parent surfactant.61 To better 
understand the newly-identified sulfonate DBPs’ contribution to toxicity, we plan to 
perform cytotoxicity assays for the C12 olefin sulfonate product (“standard”) mixture with 
bromide and iodide under chlor(am)ination conditions similar to those used for RF and 
PT WWs. Comparison of chlor(am)inated standard sample toxicities to that of the 
undisinfected control, combined with non-targeted LC- and GC-high-resolution-MS and 
TOX analyses, will provide insight regarding these new DBPs’ potential health risks. 
Far more industries (e.g., personal care products, detergents) than just oil and gas 
extraction utilize these surfactants, meaning that these organic DBP precursors could 
enter drinking water sources through a variety of wastewater introduction pathways, 
including from municipal wastewater.61,62,79,80 Depending on disinfected “standard” 
toxicity results, it may be important to continue to study these surfactants and how they 




that they could biodegrade75,80,81 or be outcompeted by NOM to form DBPs in natural 
waters, it is also likely that their high concentrations could result in persistence long 






3.4 TABLES AND FIGURES 
Table 3.1. Precursor Compounds in Raw Feed Samples and C12 Olefin Sulfonate “Standard” 
Primary Ion Secondary Ion Retention 
Time 
(min) 






















495.2821 3.38 94 100 99 
247.1372 495.2820 3.44 100 100 100 
247.1373 495.2822 3.51 96 90 94 
247.1373 495.2823 3.58 100 100 100 
247.1373 495.2822 3.62 90 100 100 










327.0942 0.58 not present 100 100 
163.0434 327.0941 0.62 81 100 100 
163.0433 327.0940 0.76 16 100 100 
163.0433 327.0940 0.88 31 100 100 
163.0433 327.0940 0.97 -140 100 100 
163.0434 327.0941 1.05 46 100 100 
163.0434 327.0940 1.29 17 100 100 





245.1216   3.11 not present 100 100 
245.1215   3.27 94 100 100 
245.1216   3.54 76 100 100 
245.1219   3.65 32 100 100 














         
 
Figure 3.2. Extracted ion chromatograms and ESI(-) mass spectra showing molecular 
ions ([M-H]-) for C12 olefin sulfonates and resulting halohydrin DBPs in undisinfected, 
chlorinated, and chloraminated RF samples. 
Note: Structures shown as basic linear form based on alpha-olefin sulfonate. A multitude of 




Figure 3.3. Extracted ion chromatogram (XIC) comparisons of DBPs and their suspected 
precursors in gas extraction wastewater to the commercial olefin sulfonate surfactant 
mixture. Top: olefin disulfonates (XIC m/z 163.0433) and sulfonates (m/z 247.1374) in 
undisinfected wastewater and surfactant mixture; Bottom: major chlorination by-


































































































Figure 3.4. Extracted ion chromatograms (XICs) and molecular ions, including doubly-
charged [M-2H]2- where applicable, for olefin disulfonate precursor and its major 














Figure 3.5. Dose-response curves for cytotoxicity of undisinfected, chlorinated (HOCl), 
and chloraminated (NH2Cl) field blank, pretreated, and raw feed samples. 
Notes: Concentration factors incorporate the 10-fold dilution performed and thus represent concentration 
factor of the undiluted sample. Concentration factors <1 indicate that samples required dilution, rather than 







Figure 3.6. Total organic halogen concentrations (left y-axis; ± SE [n = 2]) and 
cytotoxicity index values (right y-axis) for field blank (FB), pretreated (PT), and raw feed 
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 Coal-fired power plant (CFPP) wastewaters contain tens to hundreds of mg/L 
bromide and iodide, especially at plants that employ wet flue gas desulfurization (FGD). 
Release of these high-halide wastes to surface waters has impacted downstream drinking 
water quality, with elevated formation of brominated regulated disinfection by-products 
(DBPs) forcing drinking water treatment plants (DWTPs) out of compliance with EPA 
DBP regulations. Some plants that struggle with DBP regulations will switch their 
disinfection practice to use chloramine disinfection, which greatly lowers regulated 
DBPs, but enhances the formation of higher-toxicity iodo-DBPs in high-iodide waters. 
 This is the first study to experimentally investigate the impacts of CFPP 
wastewater on resulting drinking water DBP formation and toxicity from chlorination 
and chloramination. Under both disinfection conditions, the presence of CFPP waste 
significantly enhanced the formation of brominated and iodinated DBPs, while also 
increasing the total molar DBP concentration of all seven classes (THM4, iodo-THMs, 
haloacetaldehydes, haloketones, haloacetonitriles, haloacetamides, and 
halonitromethanes). In lieu of measured toxicity, estimated cyto- and geno-toxic 
contribution was calculated for each DBP quantified. In all disinfected waters 
(chlorine/chloramine; impacted/unimpacted), nitrogenous DBPs were the major forcing 
agents of calculated toxicity, with brominated nitriles contributing most to chlorinated 
waters, while iodinated amides drove chloraminated “impacted” water toxicity. With both 
disinfection types, CFPP impact significantly enhanced the calculated toxicity. Based on 
calculated values, chlorination resulted in higher toxicity from known DBPs. However, 
total organic halogen (TOX) analyses revealed that much less of the TOX resulting from 
chloramination is accounted for by quantified DBPs than chlorination. To truly compare 
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chlorination vs. chloramination health risk associated with CFPP wastewater impacts, 
whole-water toxicity data is necessary. Because no N- or I-DBPs are regulated, it is likely 
that a switch to chloramination may instill a false sense of security in CFPP-impacted 
communities’ drinking water. 
4.1 INTRODUCTION 
As wet flue gas desulfurization (FGD) processes are becoming increasingly 
common at coal-fired power plants (CFPPs), the use of halide-rich coals, or refined coals 
with bromide-addition, has become favorable over other coal variations. Halides are 
beneficial to the reduction of mercury emissions during FGD, and the addition of halide 
salts to coal has been encouraged to aid in plant compliance with the Mercury and Air 
Toxics Standards (MATS).13,18,19 In wet FGD processes, halogens that would normally be 
released to the atmosphere through the stack are captured in wastewater and discharged 
from the CFPP. This halide-rich water can be discharged to nearby surface waters from 
the flue gas operations, or comingled with other CFPP wastewaters (i.e., cooling water, 
etc.) and stored in basins. Wastewaters may be discharged directly or after some form of 
treatment, or even overflow from storage basins into nearby waters. In general, most 
CFPPs do not employ treatment processes that efficiently remove halides, as these are 
power-intensive and expensive to implement.13,18  
In general, bromide levels in FGD wastewater range from 10-100 mg/L,18 leading 
to elevated levels of bromide in surface waters. Iodide is less well-studied, but co-occurs 
with bromide naturally in coal. Discharge of halide-rich waste to waters poses a threat to 
drinking water quality downstream, in the formation of brominated and iodinated 
disinfection by-products (DBPs), which are much more toxic than their chlorinated 
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analogues.3  Previous research has focused on the formation of regulated DBPs, 
haloacetic acids (HAA5) and trihalomethanes (THM4), in drinking water sources 
impacted by the presence of high-bromide CFPP discharge. With high-bromide waters, 
bromine-incorporation into DBP structures is enhanced.82 Because HAAs and THMs are 
regulated on mass-concentration basis, higher bromine-incorporation makes it harder for 
plants to comply with DBP regulations. Commonly, chlorinating plants that fail to meet 
regulations, consider switching to chloramination.5 Because iodide co-occurs in coal with 
bromide and chloramine disinfection favors the formation of iodinated DBPs, none of 
which are regulated, a switch to chloramine could lead to higher-toxicity finished 
drinking water despite much lower regulated DBP formation. 
The purpose of this study originated in an area where a CFPP’s coal ash basin 
overflowed into a nearby river for years, impacting two downstream drinking water 
treatment plants (DWTPs). Both DWTPs exceeded U.S. EPA limits for THM4 because 
of the elevated bromide levels and enhanced Br-THM formation when they disinfected 
with chlorine. To regain compliance, both plants changed their treatment processes; one 
switched to chloramination, while other continued to chlorinate with an aeration step 
before the distribution system to remove THMs. Based on this case, we investigated the 
impacts of CFPP wastewater on the same drinking water source disinfected by both 
chlorine and chloramine. This is the most comprehensive investigation of DBP species 
formed with CFPP wastewater impact, quantifying 50 DBPs, including THM4 as well as 
46 priority emerging brominated and iodinated DBPs and total organic halogen (TOX). 
To the best of our knowledge, this is also the first report of CFPP impact on source water 
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iodide levels and the formation of iodinated and other unregulated DBPs in drinking 
water.  
4.2 MATERIALS AND METHODS 
Standards and Reagents. All DBP standards were obtained at the highest purity 
available from Sigma-Aldrich (St. Louis, MO), CanSyn Chem. Corp. (Toronto, ON, 
Canada), Aldlab Chemicals (Woburn, MA), or TCI America (Portland, OR). Individual, 
standard-specific vendor information has been published previously65,67,83 and is available 
in the Supporting Information (Appendix D, Table D.1). Sodium hypochlorite solution 
(NaOCl, 5.65-6%) was purchased from Fisher Scientific (Fair Lawn, NJ). Ammonium 
chloride (NH4Cl) and sodium halide salts (i.e., NaCl, NaBr, and NaI), as well as 
anhydrous granular sodium sulfate and methyl tert-butyl ether (MTBE) for extraction 
procedures were obtained from Sigma-Aldrich. Anhydrous dibasic potassium phosphate, 
hydrochloric acid, sulfuric acid, and sodium hydroxide were obtained from Fisher 
Scientific.  
All inorganic reagents (i.e, halides, NaOCl, NH4Cl, and buffer stock solutions) 
were prepared in purified water (18 MΩ-cm-1) obtained from a Barnstead E-Pure system 
(Lake Balboa, CA). Halide and buffer solutions were prepared fresh monthly. NaOCl 
reagent was standardized (λmax = 292 nm, ε = 350 M
-1 cm-1)41 using a Molecular Devices 
SpectraMax M5 spectrophotometer (Sunnyvale, CA) within a week prior to each 
disinfection experiment. Monochloramine reagent was prepared day-of with fresh 
solutions of NaOCl and NH4Cl. Briefly, 100 mL of 0.05 M NH4Cl was adjusted to pH 8.5 
with 1 M NaOH. While continuously stirring and maintaining pH between 8.4 and 8.7 
with 1 M solutions of HCl and NaOH, 77 mL of 0.05 M NaOCl was slowly added to the 
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NH4Cl solution, to satisfy a 1:1.3 NaOCl:NH4Cl molar ratio. Monochloramine 
concentration was determined spectrophotometrically (λmax= 243 nm, ε = 461 M
-1 cm-1)41. 
Sampling Collection and Characterization. An initial, small-volume (1 L) 
sampling was performed in August 2017 to conduct a halide survey of the area 
surrounding the coal-fired power plant (CFPP). Samples were taken from the suspected 
discharge point and the nearby river at bridge access points, including the intake locations 
of two drinking water treatment plants, A and B. Drinking water treatment plants 
(DWTPs) A and B were approximately 12 and 31 miles downstream of the CFPP, 
respectively. As controls, samples were also collected upstream of the suspected point of 
discharge, as well as from all major tributaries nearby (Table D.2).  
Samples were stored at 4 °C in the dark between collection and reaction times. 
Prior to disinfection, waters were vacuum-filtered through 5.0 µm cellulose filters 
(Millipore, Sigma-Aldrich). Prior to sample characterization analyses, samples were 
0.45-µm filtered through polyethersulfone membrane syringe filters (VWR International, 
Radnor, PA) that were pre-rinsed with a 10 mL wash of purified water to remove iodide 
interferent. Total organic carbon (TOC) and total nitrogen (TN) measurements were 
obtained on a Shimadzu TOC-L/TNM-L (Kyoto, Japan), running simultaneous ASTM 
methods D757384 and D808385 for non-purgeable organic carbon (NPOC) and TN, 
respectively. Calibration standards for chloride (10-750 µg/L), bromide (1-750 µg/L), 
and iodide (10-750 µg/L) were prepared in purified water. Standards and filtered samples 




Simulated Disinfection Experiments. Because 2018 samples showed no 
evidence of recent halide-discharge to the river, simulated experiments mixing source 
water and CFPP discharge were performed. To assess the impact of CFPP discharge on 
DBP formation from both chlorination and chloramination (collectively, 
“chlor(am)ination”) in downstream drinking water, controlled laboratory reactions were 
performed. Settled water (coagulated, flocculated river water) collected from Plant B in 
the 2018 sampling, was used in chlor(am)ination reactions with and without the addition 
of discharge to simulate “impacted” versus “unimpacted” river conditions. For simulating 
impacted river conditions, the settled water was mixed with 3.8% of discharge sample 
from 2018 and additional sodium iodide (36 µg/L as I-) to achieve the approximate 
concentrations of bromide and iodide (282 and 60.5 µg/L, respectively) observed at Plant 
A’s intake during the 2017 sampling. The characteristics of these waters are shown in 
Table 4.1. As the unimpacted control, the same settled water (with no fortification) was 
also disinfected with chlorine and chloramine. 
Chlorine demand test-reactions were performed on 20 mL aliquots, mimicking 
desired reaction conditions to achieve between 1.0-2.0 mg/L chlorine residual after 24 h 
reaction time. Based on these results, 4.0 and 5.0 mg/L as Cl2 were used in disinfection 
reactions of “unimpacted” and “impacted” river water, respectively. Large-volume (18 L) 
reactions were conducted in stoppered glass jugs (covered to eliminate light exposure) for 
toxicity and speciated total organic halogen (TOX) analysis. Samples for quantitative 
analysis (100 mL) were reacted in triplicate in 125 mL amber bottles. Chlorination and 
chloramination reactions were performed at room temperature (23 ± 2 °C) for 24 and 72 
h, respectively.  All reactions were buffered with 1.0 mM phosphate at pH 7.5.  
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DBP Quantification Procedure. For DBP analyses, 100 mL chlorination 
reactions were quenched (molar ratio of 1.3:1 quench:residual Cl2, based on an estimated 
maximum residual of 2 mg/L as Cl2) with ammonium chloride. Chloramination reactions 
were not quenched. All extractions were performed within an hour of reaction end-time. 
Due to interference/interaction of some DBP standards with others in water, two 
calibration sets were prepared and analyzed separately: (1) Brominated trihalo-
nitromethanes (HNMs) and brominated trihalo-acetonitriles (HANs) and (2) 
trihalomethanes (THMs), iodinated THMs (I-THMs), trihalo-acetaldehydes (HALs), 
haloketones (HKs), other HANs, other HNMs, and haloacetamides (HAMs).65,67,83  DBP 
standard mixes (10 ppm) were prepared fresh in methanol from concentrated individual 
standards. Mixes were spiked at varying volumes into 100 mL aliquots of purified water 
and extracted according to the same procedure as the samples. Samples were analyzed in 
triplicate for 50 priority DBPs. Additional information for DBPs is shown in Table D.1. 
Samples and calibration points were extracted according to a previously published 
method.65,67,83 Briefly, sample pH was adjusted to < 1.0 by the addition of 1 mL 
concentrated sulfuric acid to the 100 mL samples. Three successive liquid-liquid 
extractions with 5 mL MTBE (15 mL total) were performed, shaking for 15 min each 
time and allowing the organic and aqueous phases to settle for about 10 min before 
collecting the organic layer in a test tube. Prior to the first shake, 30 g of sodium sulfate 
was added for salting out of organics. MTBE extracts were passed through Pasteur 
pipettes packed with sodium sulfate to remove any residual water. Dried extracts were 
concentrated to 200 µL under a gentle stream of nitrogen, resulting in a 500-fold 
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concentration factor. Concentrated extracts were spiked with 1,2-dibromopropane 
internal standard prior to analysis. 
Samples were analyzed by gas chromatography-mass spectrometry (GC-MS) 
using electron ionization on an Agilent 7890 GC coupled to a 5977A MS (Agilent 
Technologies, Santa Clara, CA).   Selected ion monitoring was used for two characteristic 
ions for each analyte. Method specifications, including ions monitored and GC 
conditions, are provided in Tables D.1 and D.3  
TOX Analysis. A 250 mL aliquot was removed from the large-scale (18 L) 
reactors and quenched with ascorbic acid (molar ratio of 1.3:1 quench:residual Cl2, based 
on an estimated maximum residual of 2 mg/L as Cl2). TOX analyses were conducted 
based on a previously published method.64,65 Total organic chlorine, bromine, and iodine 
(TOCl, TOBr, TOI) were measured in duplicate using a TOX analyzer (Mitsubishi 
Chemical Analytech, Chigasaki, Japan; Cosa Xentaur, Yaphank, NY, USA), with ion 
chromatography (IC) detection. Each 50 mL replicate was acidified (pH < 2) and passed 
through two activated carbon columns on the Mitsubishi TXA-04 adsorption unit to 
extract organic compounds. Adsorbed inorganics were removed from the carbons with a 
5 mL sodium nitrate wash (5 mg NO3
-/mL). 
The two carbons for each sample were placed into separate ceramic boats for 
combustion, though their combustion products were collected into the same tube during 
sorption. An autosampler (Mitsubishi ASC-240S) loaded boats containing carbons into 
the combustion unit (AQF-2100H). Carbons were combusted for 4 min at 1000 °C in the 
presence of oxygen and argon. Combustion products of halo-organic compounds (i.e., 
hydrogen halide gases [HCl, HBr, HI]) were collected in approximately 5 mL of 0.03% 
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aqueous H2O2, with an additional 3 mL from rinsing the gas line from the furnace to the 
sorption unit (AU-250). TOCl, TOBr, and TOI were quantified as Cl-, Br-, and I- using 
the IC halides method described above. 
For accurate TOX determination, each of the lines on the adsorption unit were 
calibrated within two months of analysis to determine the exact volume of each, which 
ranged from 45-47 mL. In addition, test tubes used for sorption of hydrogen halide (HCl, 
HBr, HI) gases were weighed empty and after the sorption process to gravimetrically 
determine the dilution factor associated with this step of the process. 
4.3 RESULTS AND DISCUSSION 
Bromide and Iodide. Concentrations of halides from both sampling events are 
shown in Figure 4.1, with sample sites depicted with respect to their distance from the 
discharge site. In 2017, elevated levels of bromide and iodide (as high as 362 and 75 
µg/L, respectively) were observed in river samples downstream of the CFPP, especially 
when compared to background levels of nearby tributaries. At this time, halide 
concentrations were highest at the first downstream bridge-sampling location two miles 
after the CFPP and exhibited consistent decreases with distance downstream from the 
plant, with correlation coefficients (R2) of 0.9673 and 0.9521 for bromide and iodide, 
respectively.  
As shown in Figure 4.1, in the second sampling in 2018, non-elevated levels of 
halides (tens of ppb) were detected, with no indication of recent halide discharge to the 
nearby river. Construction of piping in the area indicated there may be some diversion of 
the coal ash pond, perhaps to another new storage area that has not overflown to the river. 
Supporting our observations and measurements, the CFPP’s newsletter mentioned that 
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during 2017-2018, implementation of procedures to close their ash basins was taking 
place, including the use of new basins for managing water, use of water treatment 
technologies (e.g., reverse osmosis), and moving toward processes that manage dry coal 
ash. 
During the initial 2017 sampling, water from near the intake of the first 
downstream drinking water treatment plant, Plant A, had iodide and bromide levels of 
60.5 and 282 µg/L, respectively. To mimic this real-world impact to downstream 
drinking water, we used these halide concentrations in our laboratory disinfection 
experiments.  
DBP Formation. Of the 50 DBPs monitored, a total of 41 were detected and 
quantified (Table D.4). Two sample t-tests ([1] HOCl vs. HOCl “Impacted” and [2] 
NH2Cl vs. NH2Cl “Impacted”; 95% confidence) were performed for each DBP to assess 
the impact of wastewater on formation during chlorination and chloramination treatment. 
These results are shown in Figure 4.2 and Table D.5. All differences in chlorine-DBP 
formation between “impacted” and “unimpacted” were statistically significant for every 
DBP measured, except for 1,3-dichloropropanone (13DCP). For chloramination, fewer 
DBPs exhibited statistically significant impacts on their formation due to the CFPP 
wastewater.  These were comprised only of bromine- and iodine-containing DBPs; no 
solely-chlorinated DBP was significantly affected by the presence of wastewater when 
treated by chloramination. Though Figure D.1 makes it seem as though chlorinated 
ketones, 13DBP and 1,1,3,3-tetrachloropropanone (1133TeCP) increased with 
wastewater impact, while other Cl-DBPs decreased, variation between chloraminated 
sample replicates was too high to determine significance. 
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In chlorinated samples, experiments to mimic impacted river drinking water 
conditions from 2017 (3.8% CFPP wastewater + additional 36 µg/L iodide) resulted in 
predominantly brominated DBPs, while current (unimpacted river) conditions resulted in 
mostly chloro-DBP formation (Figures 4.2 and D.1). For example, the predominant THM 
species without wastewater impact was chloroform (trichloromethane; TCM), while 
bromodichloromethane (BDCM) and dibromochloromethane (DBCM) were the major 
species formed in chlorinated “impacted” water. TCM exhibited an almost 3-fold 
decrease in formation as a result of wastewater impact (from ~50 µg/L in “unimpacted” 
to 18 µg/L in “impacted”), while BDCM concentration doubled from 29 to ~46 µg/L, 
DBCM concentration increased more than 5-fold from 8 to ~41 µg/L, and bromoform 
(tribromomethane; TBM) formation increased almost 30-fold from 0.36 to 10 µg/L with 
wastewater impact. This enhanced formation of THMs, especially brominated THMs, 
with CFPP wastewater impact is the same issue that downstream DWTPs A and B 
experienced for years when the discharge was being released to the river with high halide 
levels. Prior to adjusting their treatment practices (Plant A added aeration; Plant B 
switched to chloramination), both plants had failed to meet total THM (TTHM) 
regulations because of this phenomenon. 
This preference toward more highly brominated DBPs in “impacted” chlorinated 
water was also apparent in the other DBP classes, especially in HALs, HANs, and 
HAMs. Without wastewater, chlorination mostly favored fully chlorinated and 
bromochloro-DBPs (e.g., trichloroacetaldehyde [TCAL], bromochloro- and dichloro-
acetonitriles [BCAN and DCAN], bromochloro- and dichloro-acetamides [BCAM and 
DCAM]), while chlorination of CFPP-wastewater “impacted” water resulted in higher 
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bromine-incorporation for all classes (e.g., bromodichloro- and dibromochloro-
acetaldehydes [BDCAL and DBCAL], dibromoacetonitrile [DBAN], and 
dibromoacetamide [DBAM]).  
In addition to shifts toward bromo-DBP formation, the molar concentration 
increased for entire DBP-classes and total DBP formation (Table D.6 and Figure D.1. 
There are two major reasons that this could be the case: (1) because bromide is quickly 
and favorably oxidized to reactive bromine species (HOBr/OBr-), and brominated DBPs 
form much faster than chlorinated DBPs8,9 and (2) the CFPP discharge may have also 
contributed organic DBP (i.e., DOM) precursors in addition to halides.  Not 
unexpectedly, chloramination resulted in much lower overall DBP formation (30-fold 
lower for “unimpacted”, 11-fold lower for “impacted”; Table D.6). This difference is 
mostly due to the greatly reduced formation of the four regulated THMs (THM4; TTHM) 
with chloramine, which accounted for 80-85% of the total molar sum of DBPs formed in 
chlorinated samples and only 6-14% in chloraminated samples. Despite lower total molar 
DBP formation, the presence/lack of wastewater played a much larger role on total DBP 
formation in chloramination than in chlorination. Wastewater increased total molar DBP 
formation in chlorinated samples by 10%, while DBP formation from chloramination was 
230% higher in “impacted” than the “unimpacted” scenario. This may be due to the 
precursors contributed by the discharge being predisposed to preferentially react with 
chloramine over chlorine; however, it is more likely that this is due to more selective 
oxidation by chloramine.  
All DBP classes increased in concentration (nM) with the addition of discharge 
waste for both chlorination and chloramination (Figure D.1 and Table D.6). Almost all 
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classes increased by the same amount (~10 nM) in chlorinated samples with wastewater 
impact, which is apparent in the slope of the classes graphed in Figure D.1 being almost 
parallel to y = x. THMs and HKs were the only exceptions, with increases of over 30 nM 
and just 0.7 nM, respectively. However, when class formations are compared based on 
the ratios of “impacted” versus “unimpacted”, most class sums were enhanced less than 
100% (i.e., wastewater less than doubled their formation). HANs were enhanced by 50%, 
HKs by 25%, HALs by 17%, and THMs by just 5%. I-THMs, having formed at < 3 nM 
in chlorinated water without wastewater impact, exhibited almost a tripling (increased by 
190%) in concentration when the CFPP wastewater was present, while HNMs 
approximately doubled.   
Higher variation was observed in the class formation enhancement in the presence 
of wastewater for DBPs resulting from chloramine-disinfection. Higher-forming DBP 
classes in the “unimpacted” water exhibited larger concentration increases from 
wastewater impact, as evidenced by the slope of DBP classes being much steeper than y 
= x (Figure D.1). The only exception to this was I-THMs, which increased in 
concentration by almost 30 nM. However, on an impacted/unimpacted ratio basis, most 
classes were enhanced by at least 100% (i.e., at least doubled with wastewater impact). 
HKs increased by 150%, HAMs by 140%, HANs and HNMs by 110%, and I-THMs by 
1100%. Exceptions were THMs and HALs which only increased 30% and 60%, 
respectively. 
Most classes formed at higher levels from chlorination, except for two: I-THMs 
and HKs. Though I-THMs formed at roughly the same levels with chlorination and 
chloramination in “unimpacted” water (2.8 vs. 2.6 µg/L, respectively), comprised mostly 
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of dichloroiodomethane (DCIM), I-THM formation with CFPP wastewater was 250% 
higher in chloraminated than in chlorinated waters (28.5 vs. 8.1 µg/L, respectively). In 
chloraminated “impacted” water, all six I-THMs formed at levels significantly higher 
than in chlorinated, especially the di- and tri-halo-iodinated THMs (DCIM 37% more, 
bromochloroiodomethane [BCIM] 197% more, dibromoiodomethane [DBIM] 395% 
more, chlorodiiodomethane [CDIM] 750% more, bromodiiodomethane [BDIM] 1944% 
more, and iodoform [triiodomethane; TIM] 274% more). This is not unexpected, as 
iodinated DBPs preferentially form with chloramine, while chlorine-disinfection forms 
lower levels due to over-oxidation of iodide to iodate.7 
 Some DBPs were only detected under specific conditions in these experiments 
based on presence of wastewater, as well as disinfectant type. TBNM, as well as the 
multiply-iodinated THMs (i.e., CDIM, BDIM, TIM), were only formed at detectable 
levels when there was simulated CFPP wastewater impact on the water samples. This was 
the case for both chlorination and chloramination, with the exception of BDIM, which 
formed at a low level (0.12 ppb) in “unimpacted” chloraminated water. Iodinated HAMs 
were only formed with simulated wastewater impact from chloramination, not 
chlorination. In addition, no trihalogenated HAMs or HANs were detected in any of the 
chloraminated reactors, while they were present in both “unimpacted” and “impacted” 
chlorinated samples. This could result from differences in formation pathways of these 
N-DBPs between chlorination and chloramination, with monochloramine (NH2Cl) 
contributing nitrogen to N-DBPs, while chlorinatation N-DBPs originate more so from 
dissolved organic nitrogen (DON).45 
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Total Organic Halogen (TOX). Notable trends in speciated TOX were 
consistent with the DBPs quantified individually.  Chlorinated waters exhibited higher 
formation of TOX than either chloraminated sample. With CFPP WW-impact, the shift 
toward higher bromine-incorporation into DBP structures is especially apparent in the 
chlorinated samples, with an observed decrease in TOCl and even larger increase in 
TOBr (Figure 4.2, bottom right). Although much lower levels formed, there was also an 
observed slight decrease in TOCl and simultaneous, larger increase in TOBr in 
chloraminated “impacted” vs. “unimpacted”. Unsurprisingly, the only sample with 
detectable TOI (< 10 µg/L as I-) was the impacted NH2Cl. 
In Figure 4.4, the sum of quantified DBP concentrations (as µg/L X-) are shown 
alongside the quantified TOX. With quantification of just nine iodo-DBPs (six I-THMs + 
three I-HAMs), we accounted for 74% of TOI. However, much less of the TOBr and 
TOCl was accounted for. Quantified DBPs comprised much less of the TOCl and TOBr 
in chloraminated than in chlorinated samples, with less than 8% of TOCl and 20% of 
TOBr accounted for, respectively. On the other hand, over 50% of both TOCl and TOBr 
were accounted for in chlorinated, with TOCl actually less unknown than TOBr (64-68% 
vs. 50-52%).  
Calculated Cytotoxicity and Genotoxicity. In the absence of toxicological 
measurements, the toxic contribution of each DBP quantified was estimated, similar to 
previous studies,65,86,87 to determine the drivers of toxicity. Cytotoxicity and genotoxicity 
were calculated using DBP concentrations and literature values of individual DBPs’ LC50 
and 50% tail DNA (50% TDNA),34 as such: 
 calculated cytotoxicity = [DBP] x LC50
-1 x 106    (1) 
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 calculated genotoxicity = [DBP] x 50%TDNA-1 x 106   (2) 
where DBP concentration, LC50, and 50%TDNA are in molarity. A normalization factor 
of 106 leads to calculated toxicities in parts-per-million (ppm). Additivity of DBP 
toxicities was assumed to make inferences about DBP classes and total quantified DBPs’ 
estimated contribution to water toxicity. 
 Based on the sum of quantified DBPs’ toxicity (Figures 4.4 and D.2), the 
chlorinated (HOCl) water was calculated to be more toxic than chloraminated (NH2Cl). 
HOCl was 9x more cytotoxic and 5x more genotoxic than NH2Cl in the absence of WW 
(“unimpacted”). Under “impacted” reaction conditions, HOCl was only 2-3x more toxic 
than NH2Cl. With CFPP impact, both chlorination and chloramination conditions resulted 
in higher calculated toxicity. The calculated toxicity was tripled by WW impact in 
chlorination, while chloramine-disinfection resulted in 11x and 5x enhancements over 
“unimpacted” in cytotoxicity and genotoxicity, respectively. 
 Of the DBPs quantified, haloacetonitriles (HANs) were the major driver of 
toxicity for both geno- and cytotoxicity in chlorinated samples, with and without CFPP 
impact (Figure 4.4). Under “unimpacted” conditions, bromochloroacetonitrile (BCAN) 
was the highest-contributing to cytotoxicity, while dibromoacetonitrile (DBAN) 
dominated when CFPP WW was present (Figure D.2). DBAN was also calculated to be 
the driver of genotoxicity with and without CFPP WW. In chloraminated waters, more of 
a difference was observed between cyto- and geno-toxic forcing agent species. While 
BCAN was the major driver of cytotoxicity in unimpacted NH2Cl, halonitromethanes 
(HNMs), specifically trichoronitromethane (chloropicrin; TCNM), contributed most to 
genotoxicity (Figures 4.4 and D.2). In impacted NH2Cl, haloacetamides (HAMs), 
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specifically diiodoacetamide (DIAM), were responsible for the enhanced cyto- and geno-
toxicity observed. 
 In all cases, nitrogenous DBPs (N-DBPs) were the major drivers of toxicity for 
both chlorine and chloramine disinfection, which is consistent with the results of 
Cuthbertson et al.’s recent study of DWTPs.65 As with all DBP classes studied, all classes 
of N-DBPs (HANs, HNMs, HAMs) increased with WW impact and favored formation of 
higher-toxicity brominated and iodinated species. While total DBP formation was 
reduced 11-fold, there was only a 3-fold reduction in N-DBPs with chloramination, 
consistent with the 2-3x lower cyto- and geno-toxicity observed for impacted NH2Cl vs. 
HOCl. Calculated toxicity for chloraminated water was much lower than chlorinated, but 
based on TOX comparison to quantified DBP concentrations as X- (Figure 4.3), it was 
obvious that higher proportions of unknown DBPs were formed during chloramination. 
Without measured toxicity data for the whole-water extracts, it is uncertain whether the 
unknown portion of the TOX contributes significantly to the toxicity of each water. 
Toxicity studies are ongoing, with collaborators currently assessing both geno- and cyto-
toxicity of the whole-water extracts of NH2Cl and HOCl “impacted” and “unimpacted” 
waters. Previous studies have shown that chlorination vs. chloramination of the same 
source water resulted in different trends depending on halide levels. In elevated-halide 
scenarios (500 µg/L Br-; 100 µg/L I-),3,88 chloraminated water was more cyto- and geno-
toxic than chlorinated water. In the absence of added halides, chlor(am)inated waters 
were much less toxic. When comparing disinfectants without added halides, chlorinated 
water was more cytotoxic, while chloramination resulted in higher genotoxicity.3 Given 
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the similarity in halide levels, 282 µg/L Br-; 60.5 µg/L I- in “impacted”, we anticipate 
similar toxicity results to those observed in these studies. 
Despite reducing total DBP formation by an order of magnitude, the real-world 
scenario where a CFPP-impacted DWTP switches to chloramine from chlorine may not 
necessarily result in safer drinking water. In addition to the high levels of bromide that 
keep DWTPs from complying with DBP regulations, CFPP WW also contains high 
levels of iodide, which is more likely to form toxic iodinated DBPs with chloramination 
than with chlorination. The regulated DBPs in this study, THMs, accounted for a 
negligible amount of the calculated toxicity, despite being the highest-forming class by 
far. With no I- or N-DBPs regulated, DWTPs impacted by CFPP waste do not necessarily 
have access to useful information in deciding whether a change in disinfection practice is 
the best choice for their community’s health.  
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4.4 TABLES AND FIGURES 
 
Figure 4.1. Bromide and iodide concentrations measured in 2017 and 2018 grab samples 
from the coal-fired power plant (CFPP) discharge, impacted river, and tributaries to the 
impacted river. Locations are plotted in distance (in miles) from the discharge site, where 
negative distances represent upstream samples and positive represent downstream. Linear 
regressions represent correlations between downstream river sample halide 




Table 4.1. Sample Characteristics for Samples Used in Disinfection Experiments 
Parameter 




2017 Plant A 
Intakeb 
TOCa (mg/L as C) 1.30 3.21 1.43 
TN (mg/L as N) 0.334 1.413 0.413 
SUVA254
 (L/mg-m) 3.0 1.1 3.4 
Bromide (µg/L) 56.6 5,436 282 
Iodide (µg/L) ND 578 60.5 
a TOC was measured by non-purgeable organic carbon (NPOC) method; ND: not 
detected; b Discharge mixed at 3.8% in Plant B settled water with 36 µg/L of I- added to 





Figure 4.2. DBP concentrations by class and total organic halogen measurements in 
disinfected settled water with and without simulated CFPP wastewater impact (± standard 
error of 3 replicates). 
* Indicates compounds that formed at significantly different levels with vs. without CFPP wastewater and I- 
addition; a TOX measured in µg/L as X- (i.e, TOCl in µg/L as Cl-, TOBr in µg/L as Br-, TOI in µg/L as I-); b 
TOX only measured in duplicate, so lacks statistical power to make comparison; B = bromo; C = chloro; I 
= iodo; D = di; T = tri; Te = tetra; M = methane; AL = acetaldehyde; P = propanone; AN = acetonitrile; 





Figure 4.3. Portion of total organic halogen (TOX) accounted for by the 50 quantified 




Figure 4.4. Calculated CHO cell cytotoxicity (left) and genotoxicity (right) by DBP class 
(top) and halogen species profile (bottom). Based on toxicity index values in Wagner and 
Plewa, 2017.34 
Note: No toxicity data available for HKs or trihalo-Br-HANs; calculated cytotoxicity = 








CONCLUSIONS AND FUTURE WORK 
5.1 HYDRAULIC FRACTURING-IMPACTED WATERS
The work presented in this dissertation focused on non-targeted analysis of DBPs 
formed solely from precursors present in oil and gas wastewaters (WWs). High levels of 
bromide and iodide, as well as both geogenic (phenolics) and anthropogenic (sulfonate 
surfactants) organic components led to the formation of never-before-reported DBPs 
upon chlorination and chloramination of WW.  
Iodophenolics and Other Semivolatile DBPs. Standards of iodophenolic DBPs 
were obtained for confirmation and toxicity studies, with many of them being just as 
toxic as previously-known iodo-DBPs. Being of toxicological relevance, and having a 
good chance of forming even in the presence of natural organic matter (NOM), these 
classes of DBPs – iodophenols, iodocresols, and iodoxylenols – are important to quantify 
in HF-impacted source waters. A preliminary method for quantifying these iodophenolics 
by GC-MS/MS was developed based on the existing extraction method for other DBPs, 
but when applied to 10% HF waste samples (raw, chlorinated, and chloraminated), had 
very low recovery and varied between matrix disinfection types. Because of the matrices, 
development of this method will require standard addition techniques or further dilution 
prior to extraction. Similarly, our typical DBP suite will be assessed for matrix effects by 
comparison of internal calibration to standard addition methods. These other DBPs were 
preliminarily quantified, but the poor extraction efficiency of the iodophenolics leads us 
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to question whether other DBPs may also have had hindered extraction, resulting in lower 
measurements than actual sample concentrations. 
Olefin Sulfonate-Derived DBPs. With over 300 new surfactant-based DBPs 
identified, it is difficult to assign structural identities, and none of these DBPs are 
available as standards for confirmation. In lieu of typical standard DBP confirmation 
practices, we plan to obtain individual-isomer standards of the precursors that are 
available and subject each to disinfection in the presence of bromide and iodide to 
compare to samples. Without individual, pure standards, it is impossible to assess each 
DBP’s toxic potency, but whole-mixture determinations can be made for disinfected 
olefin sulfonate product, as well as individual disinfected standards. The toxicities of the 
olefin sulfonate product and individual precursor isomers (with and without disinfection) 
will aid in the assessment of potential health risks associated with these surfactant-DBPs, 
and better our understanding of their contribution to the high cytotoxicity of the 
chlor(am)inated gas-extraction WW. 
Future Work. Future research in the Richardson group will include continued 
non-targeted analysis with collaborative toxicology, while also expanding the scope of 
the study to include DBP quantification. Mixing studies with surface water will be 
performed to assess real-world HF-impact on drinking water. As NOM is typically the 
major precursor to DBPs, it is important to understand whether NOM outcompetes the 
organic precursors identified in these HF WWs to form primarily known iodo- and 
bromo-DBPs, or if WW-contributed organics also play a significant role. It is important 
to assess the potential formation of these DBPs under conditions that would be realistic to 
a HF-impacted drinking water treatment plant’s (DWTP) source water (i.e., low 
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percentage of WW mixed with surface water). The conduction of mixing studies that 
combine toxicological assessment with a full suite of DBP analyses, including (1) 
quantification of known DBPs, including the iodophenolics, (2) semi-targeted analysis of 
the recently identified surfactant-derived DBPs, (3) non-targeted analysis for unknown 
DBPs, and (4) total organic halogen (TOX) analyses for HF-impacted waters, will guide 
the way for future research in this area of study.  
5.2 COAL-FIRED POWER PLANT-IMPACTED WATERS 
 DBP and TOX Quantification. This was the most extensive study of coal-fired 
power plant (CFPP) impact on DBP formation to-date. While most previous work has 
focused on bromide and regulated DBP levels at downstream drinking water treatment 
plants (DWTPs), we assessed the formation of 50 priority DBPs and TOX with and 
without CFPP impact. All seven DBP-class concentrations were enhanced by the 
presence of WW during both chlorination and chloramination, with observed shifts 
toward higher bromine- and iodine-incorporation. 
In lieu of analytical cyto- and geno-toxicity measurements, we calculated the 
estimated toxic contribution from each of the DBPs measured to the disinfected waters’ 
toxicity. Dibromoacetonitrile (DBAN) was determined to be the major driver of toxicity 
for chlorination (with and without CFPP WW), which approximately tripled the resulting 
“impacted” calculated toxicity compared to “unimpacted”, while CFPP-impact enhanced 
chloraminated water cytotoxicity by an order of magnitude as a result of diiodoacetamide 
(DIAM) formation (Figure D.2). Calculated toxicity for chloraminated water was much 
lower than chlorinated, but based on TOX comparison to quantified DBP concentrations 
as X-, it was obvious that higher levels of unknown DBPs were formed during 
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chloramination. It is unknown whether the unknown portion of the TOX contributes 
significantly to the toxicity of each water. 
Future Work. Toxicologist collaborators at the University of Illinois are 
currently in the process of performing cyto- and geno-toxicity assays to compare the 
“impacted” vs. “unimpacted” chlor(am)inated waters. The measured water toxicities and 
calculated toxic contribution of individual DBPs will be compared to assess the potential 
importance of the unknown portion of TOX for each disinfection type. If much of the 
toxicity is unaccounted for by the quantified DBPs, non-targeted analysis will be an 
important future tool in this work to identify unknown DBPs. In addition, further work in 
the Richardson group will likely be conducted with drinking water samples from 
currently-impacted areas to gain understanding of real-world impacts, as the full water 
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SUPPORTING INFORMATION FOR: 
IDENTIFICATION AND COMPARATIVE MAMMALIAN CELL 
CYTOTOXICITY OF NEW IODO-PHENOLIC DISINFECTION 
BYPRODUCTS IN CHLORAMINATED OIL AND GAS 
WASTEWATERS
Reagents and Solution Preparation. All aqueous solutions were prepared in 
purified water (18 MΩ cm-1) obtained from a Barnstead E-pure Milli-Q system. 
Honeywell Burdick & Jackson® GC2-grade dichloromethane (Muskegon, MI) was used 
for extractions and preparation of iodophenolic standard solutions. Sodium hypochlorite 
solution (5.65-6.00%), potassium phosphate dibasic (≥98%), potassium phosphate 
monobasic (≥99%), and concentrated sulfuric acid (98%) were purchased from Fisher 
Scientific (Fair Lawn, NJ). Anhydrous sodium sulfate (≥99%), ammonium chloride 
(ReagentPlus®, ≥99.5%), sodium iodide (≥99.5%), 2-iodophenol (98%), 3-iodophenol 
(98%), 4-iodophenol (99%), 2,4,6-triiodophenol (97%), 4-iodo-2-methylphenol (97%), p-
cresol (≥99%), and 2,6-xylenol (≥99%) were purchased from Sigma-Aldrich (St. Louis, 
MO). Other iodophenolic standards (98%) – 2,4-diiodophenol, 2,5-diiodophenol, 2,6-
diiodophenol, 2-iodo-4-methylphenol, 2,3-dimethyl-4-iodophenol, 2,5-dimethyl-4-
iodophenol, 2,6-dimethyl-4-iodophenol, 4,5-dimethyl-2-iodophenol, and 4,6-diiodo-2,3-
xylenol – were purchased from Spectra Group Synthetics LLC (Millbury, OH). 
Iodophenolic standard stock solutions (~1,000 mg/L) were prepared by dissolving 
approximately 20 mg of each pure standard in 20 mL of dichloromethane. These 
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solutions were further diluted to approximately 10 mg/L for analysis by gas 
chromatography-mass spectrometry (GC-MS). 
Monochloramine was freshly prepared according to a previously published 
procedure.21 Briefly, hypochlorite solution was added slowly while stirring to a solution 
containing 10% molar excess ammonium chloride solution. Both solutions were 
maintained at pH 8.5 (±0.1) with phosphate buffer. Sodium hypochlorite stock solutions 
(λmax = 292 nm, ε = 350 M
-1cm-1) and resulting monochloramine (λmax = 243 nm, ε = 461 
M-1cm-1) solutions were standardized by UV-Vis absorbance using a Molecular Devices 
SpectraMax M5 spectrophotometer (Sunnyvale, CA).  McAllen MF chloramination was 
performed in duplicate; due to very low volumes received (<200 mL), Barnett NF 
chloramination was not replicated.  
An apparent incompatibility of phosphate buffer with the high salinity in 
produced water samples was observed, exhibiting a “crashing out” effect of a dissolved 
species, upon the addition of phosphate buffer to form an insoluble salt (likely barium 
phosphate). For this reason, chlorine demands of the samples were not experimentally 
determined, as colorimetric chlorine residual analyses use phosphate buffer, and reactors 
were not buffered during chloramination. Instead, a disinfectant dose of 1 mg/L NH2Cl as 
Cl2 per 1 mg/L TOC as C and 1:3 for McAllen MF due to high TOC (1.91 and 7.80 mg/L 
for Barnett NF and McAllen MF, respectively) and pH was adjusted to pH 7.0 at the 
beginning of the chloramination period and remained within ±1.2 pH units after 72 h. 
Chlorine doses applied in our study are similar to those applied at drinking water 
treatment plants in the U.S.89  
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Mass Spectral Interpretation. Mass spectra of all suspected iodinated 
compounds were extensively interpreted to determine potential structures (Figures B.5, 
B.6, and B.8). Particular attention was paid to spectral features indicative of the presence 
of iodine, including the iodine ion (I+, m/z 127) and a neutral loss of iodine between 
fragments (Δm/z of 127). The molecular ions of members in each homologous series 
increased successively by m/z 126 (+I, -H) from mono- to di- to tri-iodo-species. Mass 
spectra of diiodo- and triiodo-species contained the same fragments as monoiodo- and 
diiodo-species, shifted by the difference of one hydrogen. A difference of m/z 14 was 
observed between molecular ions of homologous series, indicating a structural difference 
of a methyl substituent (+CH3, -H). Fragments of m/z 39 (C3H3
+) and 51 (C4H3
+) were 
present in every compound’s mass spectrum, as well as fragments within m/z ranges 63-
65 and 75-78, indicating that these were aromatic compounds.40  
Brominated and chlorinated phenolics were also tentatively identified using 
extracted ion chromatograms, accurate masses, fragmentation patterns, and distinctive 
isotopic patterns of bromine and chlorine. For example, compounds that have one 
bromine will show patterns of a given m/z (M) and M+2, where the abundance of M+2 is 
97% of M. Similarly, compounds with one chlorine will exhibit patterns where the 
abundance of M+2 is 32% of M. With increasing halogen substitution, the pattern 




Table B.1. GC-MS Instrument Parameters 
GC Parameters a   
Carrier Gas Helium 
Sample Volume 1.0 µL 
Inlet Mode Pulsed Splitless 
Injection Port Temperature 250 °C 
Capillary Column b Rxi-5ms 
Column Length 30 m 
Inner Diameter 0.25 mm 
Film Thickness 0.25 µm 
Pressure 13.0 psi 
Initial Flow 1.2 mL/min 
Transfer Line Temperature 280 °C 
Oven Program   
Initial Temperature; Hold Time 35 °C; 4 min 
Temperature Ramp 9 °C/min 
Final Temperature; Hold Time 280 °C; 20 min 
MS Parameters c   
Ion Source Electron Ionization 
Source Temperature 200 °C 
Electron Energy 70 eV 
Quad Temperature 150 °C 
Emission Current  35 µA 
Solvent Delay  4 min 
Scan Mode Full Scan 
Low Mass 33 
High Mass 550 
a Agilent 6890N (Santa Clara, CA) (low resolution analyses). Agilent 7890B (high resolution analyses). b 
Restek Corporation, Bellefonte, PA. c Agilent 5975 quadrupole mass spectrometer (low resolution 














Barnett NF NH2Cl McAllen MF NH2Cl 
(Molecular Formula) Observed m/z Abundance Observed m/z Abundance 
Iodophenol 
219.9380 
2-IP 14.78 219.9382 8.96 × 104 219.9381 1.49 × 106 
(C6H5IO) 4-IP 18.12 219.9382 5.71 × 103 219.9380 1.14 × 105 
Diiodophenol 
345.8346 
2,4-DiIP 21.05 345.8348 2.12 × 104 345.8347 1.47 × 105 
(C6H4I2O) 2,6-DiIP 21.13 345.8349 1.02 × 105 345.8349 2.36 × 105 
Triiodophenol 





IMeP #1 16.16 233.9538 4.02 × 104 233.9537 5.82 × 104 
IMeP #2 16.60 233.9537 3.09 × 104 233.9537 4.67 × 103 
2-I-4-MeP 16.67 233.9539 3.15 × 105 233.9537 7.97 × 103 
IMeP #4 16.71 233.9538 8.19 × 104 233.9537 3.18 × 103 
4-I-2-MeP 19.24 233.9538 5.39 × 103 233.9537 1.71 × 104 




DiIMeP #1 22.09 359.8507 1.44 × 105 359.8507 1.20 × 105 
DiIMeP #2 22.57 359.8506 1.89 × 105 359.8505 3.55 × 104 
DiIMeP #3 22.64 359.8508 8.79 × 105 359.8503 1.20 × 104 
DiIMeP #4 22.67 359.8505 1.08 × 105 359.8504 9.49 × 103 
DiIMeP #5 22.73 359.8505 1.03 × 105 359.8507 6.81 × 103 
Triiodomethylphenol 
(C7H5I3O) 




IDiMeP #1 17.46 247.9695 2.03 × 103 247.9694 1.96 × 103 
IDiMeP #2 17.83 247.9694 1.58 × 104 247.9696 4.24 × 103 
IDiMeP #3 17.99 247.9694 8.92 × 102 247.9695 8.06 × 102 
IDiMeP #4 18.11 - - 247.9695 4.72 × 103 
IDiMeP #5 18.23 247.9696 3.92 × 103 247.9695 9.21 × 102 







4I26DiMeP 20.08 247.9696 2.16 × 103 247.9693 1.14 × 103 
4I25DiMeP 20.65 247.9697 1.58 × 103 247.9696 3.03 × 103 




DiIDiMeP #1 23.03 373.8661 1.34 × 104 373.8661 4.97 × 103 
DiIDiMeP #2 23.32 - - 373.8661 4.31 × 102 
DiIDiMeP #3 23.58 373.8658 9.62 × 102 373.8660 4.80 × 103 
DiIDiMeP #4 23.67 373.8661 1.57 × 104 373.8662 9.14 × 103 
DiIDiMeP #5 23.75 - - 373.8661 1.99 × 103 
46DiI23Xy 23.98 373.8663 4.50 × 103 373.8662 4.30 × 103 
DiIDiMeP #7 24.04 - - 373.8661 1.91 × 103 
DiIDiMeP #8 24.23 373.8662 2.17 × 103 373.8661 9.64 × 103 




TriIDiMeP #1 28.22 499.7626 3.67 × 103 499.7626 6.54 × 103 









Table B.3. Brominated and Chlorinated Iodo-Phenolics Identified in Chloraminated McAllen MF Water Samples 
 
Compound Theoretical m/z RT 
(min.) 
Observed m/z 
(Molecular Formula) M۰+ [M+2]۰+ [M+4]۰+ M۰+ [M+2]۰+ [M+4]۰+ 
Chloroiodophenol (C6H4ClIO) 253.8990 255.8961 
 17.8482 253.8992 255.8963  
 17.9922 253.8992 255.8964  
  18.1859 253.8992 255.8962   
Bromoiodophenol (C6H4BrIO) 297.8485 299.8465 
  19.1426 297.8486 299.8469   
 19.4117 297.8488 299.8468  
  19.4863 297.8486 299.8466   
Dichloroiodophenol (C6H3Cl2IO) 287.8600 289.8571 291.8543 
20.4930 287.8603 289.8572 291.8539 
20.6133 287.8602 289.8570 291.8546 
Bromochloroiodophenol (C6H3BrClIO) 331.8095 333.8073 335.8046 
21.7365 331.8100 333.8080 335.8047 
21.8531 331.8097 333.8076 335.8049 
Chlorodiiodophenol (C6H3ClI2O) 379.7956 381.7928 
  23.3800 379.7959 381.7928   
  23.5029 379.7959 381.7930   
Bromodiiodophenol (C6H3BrI2O) 423.7451 425.7431   24.6751 423.7453 425.7432   
Chloroiodomethylphenol (C7H6ClIO) 267.9146 269.9118 
  19.1178 267.9149 269.9121   
 19.7514 267.9151 269.9120  
Bromoiodomethylphenol (C7H6BrIO) 311.8641 313.8621 
  20.3748 311.8643 313.8624   
 30.4654 311.8641 313.8623  
 20.7575 311.8646 313.8630  
  20.9513 311.8647 313.8622   
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Table B.4. Cresol (Methylphenol) and Xylenol (Dimethylphenol) Precursor Study: 
72 h Chloramination Conditions 
Reactor Compound (10 mg/L) I- NH2Cl 
1 4-Methylphenol 50 mg/L 10 mg/L 
2 4-Methylphenol 50 mg/L 0 mg/L 
3 4-Methylphenol 0 mg/L 10 mg/L 
4 2,6-Dimethylphenol 50 mg/L 10 mg/L 
5 2,6-Dimethylphenol 50 mg/L 0 mg/L 









Conc. (M) a 
LC50 
(M) b 
r2 c ANOVA Test d 
2-Iodophenol 1.50×10⁻4 6.01×10⁻4 0.98 F12, 139 = 100.3; P < 0.001 
4-Iodophenol 5.00×10⁻5 2.16×10⁻4 0.98 F13, 122 = 268.5; P < 0.001 
2,4,6-Triiodophenol 5.00×10⁻6 4.37×10⁻5 0.98 F12, 119 = 442.6; P < 0.001 
4-Iodo-2-methylphenol 2.50×10⁻5 1.63×10⁻4 0.98 F15, 120 = 226.3; P < 0.001 
a Lowest cytotoxic concentration was the lowest concentration (M) that induced a statistically significant 
reduction in cell density as compared to the negative control.  b The LC50 value is the concentration of the 
water sample, determined from a regression analysis of the data, that induced a cell density of 50% as 
compared to the concurrent negative controls. c r2 is the coefficient of determination for the regression 
analysis upon which the LC50 value was calculated. 
d The degrees of freedom for the between-groups and 










Figure B.1. Membrane-filtration process of produced water samples.a 
a Stars indicate sampling points, where “RF” is raw feed, “PT” is pretreated, “MF” is microfiltration 




Figure B.2. Library search result for unknown with molecular ion of m/z 360. (A) Mass 
spectrum of unknown in chloraminated Barnett NF sample. (B) Closest NIST library 







Figure B.3. Isomeric confirmation of 2-iodophenol via retention time (A) and mass 
spectral matching (B,C).  Generic (non-isomer-specific) compound confirmations were 







Figure B.4.  Mass spectra of confirmed iodophenol, iodocresol (iodomethylphenol), and 






Figure B.5.  Mass spectra of iodocresols (iodomethylphenols) and iodoxylenols 
(iododimethyl-phenols) identified in Barnett NF and McAllen MF chloraminated waters. 




Figure B.6. Example mass spectral interpretation of diiodomethylphenol. (A) Unit 
resolution electron ionization mass spectrum depicting proposed structural fragmentation 
pathway. (B) High-resolution accurate mass spectrum depicting the calculated formula, 








Figure B.7. Iodo-phenolics identified in chloraminated McAllen MF samples (replicates).a 
a Key: Overlay of extracted ion chromatograms of m/z 127.  Italicized labels indicate mass spectral matches with standard, red font indicates retention time 
match for specific isomer.  IP: iodophenol; DIP: diiodophenol; TIP: triiodophenol; IMeP: iodomethylphenol; DIMeP: diiodomethylphenol; TIMeP: 
triiodomethylphenol; IDMeP: iododimethylphenol; DIDMeP: diiododimethylphenol; TIDMeP: triiododimethylphenol; CIP: chloroiodophenol; BIP: 






Figure B.8.  Mass spectra of tentatively identified chlorinated and brominated 






Figure B.9. Detection of phenol, methylphenol (cresol), and dimethylphenol (xylenol) in 
non-disinfected samples. 
Key: a Percent relative abundance of extracted ion chromatograms of m/z 94 (phenol), m/z 108 (cresol), 
and m/z 122 (xylenol). b p- and m-Cresol were chromatographically unresolvable. The presence of p-
cresol is supported by the formation of 2-iodo-4-methylphenol. Due to the many iodinated methylphenol 
(iodocresol) isomers formed and plateaued peak, it is likely that both isomers are present. c 2,5- and 2,4-
xylenol were chromatographically unresolvable. The presence of 2,5-xylenol is supported by the 
formation of 4-iodo-2,5-dimethylphenol. Due to the many iodinated dimethylphenol (iodoxylenol) 
isomers, it is likely that both isomers are present. 
 
 
Figure B.10. Chinese hamster ovary (CHO) cell cytotoxicity index (CTI) values,  
(LC50)






SUPPORTING INFORMATION FOR: 
POTENTIAL IMPACTS OF HYDRAULIC FRACTURING ON 
DRINKING WATER: HIGH-RESOLUTION MASS SPECTROMETRY 
IDENTIFICATION OF >300 NOVEL SURFACTANT-DERIVED S-DBPS 
 















Table C.3. LC Parameters for Orbitrap MS Analyses 
Parameter Value 
Instrument VanquishTM UHPLC 
Mobile Phase 
A) 95:5 water:acetonitrile (0.4 mM ammonium formate) 
B) 95:5 acetonitrile:water (0.4 mM ammonium formate) 
Gradient Time (min) %B   
 -3* 10   
 0 10   
 5 100   
 8 100   
Flow rate 0.3 mL/min   
Column 
Waters Acquity UPLC© BEH C18 column (2.1 mm × 50 mm × 1.7 
µm) 




   




Table C.4. Orbitrap MS Parameters for High Resolution MS1 Analyses 
Ion Source  MS1 
Ion source type H-ESI  Detector type Orbitrap 
Spray voltage Static  Resolution 120,000 
Negative ion (V) 2500  Mass range Normal 
Sheath gas (arb) 11  Scan range (m/z) 120-1000 
Aux gas (arb) 2  RF Lens (%) 45 
Sweep gas (arb) 1  AGC target 2.0e5 
Ion transfer tube temp (°C) 300  Maximum injection time (ms) 54 





Table C.5. Orbitrap MS Parameters for MS3 Analyses 
Ion Source   Data-dependent MS2 
Ion source type H-ESI  Isolation mode Quadrupole 
Spray voltage Static  Isolation window (m/z) 1.6 
Negative ion (V) 2500  Activation type HCD 
Sheath gas (arb) 11  HCD collision energies (%) 30, 45, 60 
Aux gas (arb) 2  Detector type Orbitrap 
Sweep gas (arb) 1  Scan range mode Normal 
Ion transfer tube temp (°C) 300  Orbitrap resolution 30,000 
Vaporizor temp (°C) 50  First mass (m/z) 65 
   AGC target 1.0e4 
MS1  Max. injection time (ms) 54 
Detector type Ion trap  Microscans 1 
Ion trap scan rate Rapid  Filters:  
Mass range Normal  Targeted exclusion (m/z) 75 ± 10 m/z 
Scan range (m/z) 120-1000  # of data dependent scans 4 
RF lens (%) 45    
AGC target 1.0e4  Data-dependent MS3 
Max. injection time (ms) 10  MS Isolation window (m/z) 2.5 
Microscans 1  MS2 Isolation window (m/z) 2 
Filters:   Activation type HCD 
Intensity threshold 2.0e5  HCD collision enegy (%) 30 
Targeted list  (m/z) 
343.0585  Detector type Orbitrap 
247.1373  Scan range mode Normal 
299.1043  Orbitrap resolution 30,000 
391.0434  First mass (m/z) 65 
405.0044  AGC target 1.0e4 
263.1318  Max. injection time (ms) 54 
265.1476  Microscans 1 
Mass tolerance ± 25 ppm    

















Number of Isomers   
Class [M-H]- 




Br- + HOCl 
Raw 
Feed 













- 281.09837  6 1 2 42800 HOCl 
C12H22BrSO3





- 317.07504  3 6 4 88300 HOCl 
C12H23Br2SO3
- 406.97197*  6 1 0 4060 HOCl 
C12H23BrClSO3





- 261.11660  6 12 7 268000 NH2Cl 
C12H20ClSO4
- 295.07763  0 3 3 67600 NH2Cl 
C12H20BrSO4
- 339.02712  0 12 8 16200 NH2Cl 
C12H20ISO4





-*** 263.13225 Dimer 14 14 12 2800000 HOCl 
C12H22ClSO4
- 297.09328  9 17 13 282000 NH2Cl 
C12H22BrSO4
- 341.04277  8 11 11 321000 HOCl 
C12H22ISO4
- 389.0289  no I- 6 7 103000 HOCl 
C12H21Cl2SO4
- 331.05431  1 0 1 8940 NH2Cl 
C12H21Br2SO4





- 299.10893 Dimer 7 16 5 2390000 HOCl 
C12H24BrSO4
- 343.05842 Dimer 3 6 7 13800000 HOCl 
C12H24ISO4
- 391.04455  no I- 2 2 14400 NH2Cl 
C12H23Cl2SO4
- 333.06996  12 20 8 93700 NH2Cl 
C12H23Br2SO4
- 422.96688*  0 7 7 426000 HOCl 
C12H23BrClSO4































Br- + HOCl 
Raw 
Feed 








- 279.12717  14 20 18 439000 HOCl 
C12H22ClSO5
- 313.08820  1 12 8 65900 NH2Cl 
C12H22BrSO5
- 357.03768  0 17 14 70300 HOCl 
C12H22ISO5
- 405.02381  no I- 7 5 21700 HOCl 
C12H21BrClSO5





-*** 281.14282  13 15 19 1920000 HOCl 
C12H24ClSO5
- 315.10385  7 24 21 85900 NH2Cl 
C12H24BrSO5
- 359.05333  5 22 18 309000 NH2Cl 
C12H24ISO5





- 361.05518  17 11 5 128000 NH2Cl 
C12H22BrS2O6























- 260.13259  0 0 8 130000 NH2Cl 
C12H21ClNSO3





- 262.14824  0 0 1 4690 NH2Cl 
C12H23ClNSO3










































- 276.12750  0 0 3 28100 NH2Cl 
C12H21BrNSO4
- 354.03801  0 0 4 11500 NH2Cl 
C12H21ClNSO4





- 278.14315  0 0 3 9470 NH2Cl 
a XIC, within 3 mmu of theoretical m/z above 2000 height; b Exhibited at least a doubling in signal from undisinfected; * A+2; **abundance from XIC of doubly 
charged molecular ion; not every isomer doubly-charges; *** some isomers existed in raw feed before disinfection, but most at least doubled post-disinfection. 
 
 






Field Blank 48.3 ± 1.5 20.9 ± 0.7 
Raw Feed 1.77 ± 0.05 571 ± 17 
Pretreated 2.13 ± 0.04 469 ± 27 
HOCl Field Blank 49.7± 1.5 20.3 ± 0.7 
HOCl Raw Feed 0.125 ± 0.002 8000 ± 97 
HOCl Pretreated 0.149 ± 0.001 6725 ± 46 
NH2Cl Field Blank 40.2 ± 0.8 24.9 ± 0.5 
NH2Cl Raw Feed 0.068 ± 0.002 14788 ± 383 
NH2Cl Pretreated 0.085 ± 0.002 11906 ± 299 
Notes: Concentration factors incorporate the 10-fold dilution performed and thus represent concentration factor of the undiluted sample. LC50 concentration 














































Figure C.4. FT-ICR MS3 mass spectrum of C12H24BrSO4
- (m/z 343.05854) after loss of 





Figure C.5. Mass spectra of molecular ion ([M-H]-) for the halohydrin sulfonate by-
products and suspected olefin sulfonate precursor obtained from different high resolution 
systems. 
Note: Insets depict a zoomed-in view of the A+2 m/z to show the resolved peaks pertaining to the heavy 




Figure C.6. Extracted ion chromatograms (XICs) and molecular ions, including [2M-H]-, 





















































































































Figure C.7. Mass spectrum of chlorinated RF at 2.90 min, highlighting faux halogen 






SUPPORTING INFORMATION FOR: 
ARE COAL-FIRED POWER PLANTS A THREAT TO DOWNSTREAM 








Table D.1. Analytes, Vendors, Calibration Range, and Ions Monitored for DBPs Quantified.  







Internal Standard 1,2-Dibromopropane 12DBP 
Sigma 
Aldrich 
7.591 121 123  
Trihalomethanes 
(THMs) 
Trichloromethane (Chloroform) TCM 
Sigma 
Aldrich 








5.529 129 127 0.5 
Tribromomethane (Bromoform) TBM 
Sigma 
Aldrich 






















11.958 218.8 220.8 0.025 
Triiodomethane (Iodoform) TIM 
Sigma 
Aldrich 






























(Table D.1 continued) 





















































































(Table D.1 continued) 


























































(Table D.1 continued) 




























































(mg/L as C) 
TN 







Upstream River 2017 -2.8 1.17 0.320 4.0 11.6 31.8 
2018  1.86 0.521 4.5 11.3 24.4 
Upstream Tributary 2017 -0.6c 1.86 0.403 3.6 26.4 33.2 
2018  2.46 0.635 3.7 25.9 17.8 
Discharge 2017 0.0 3.36 0.703 1.1 10,468 843 
2018  3.21 1.413 1.1 5,436 578 
Downstream River 1 2017 2.1 1.41 0.411 3.5 362 74.8 
2018  2.01 0.538 3.9 27.5 13.3 
Downstream River 2 
(Plant A Intake) 
2017 12.2 1.43 0.413 3.4 282 60.5 
2018  1.71 0.568 3.9 35.3 29.9 
 Downstream Tributary 1 2017 12.6c 1.07 0.374 4.7 29.6 29.9 
2018  1.21 0.307 4.4 51.4 41.2 
Downstream River 3 
(Plant B Intake) 
2017 30.8 1.42 0.352  3.5 194 49.3 
2018  1.59 0.468 4.6 40.7 37.2 
Downstream Tributary 2 2017 31.8c 1.39 0.50 3.1 20.6 31.1 
2018  1.40 0.276 3.6 15.8 31.1 
Downstream River 4 2017 32.5 1.56 0.381 3.2 144 42.0 
2018  1.57 0.365 3.8 31.6 65.0 
Plant B Settled*  2018 31.3 1.30 0.334 3.0 56.6 ND 
aNegative distances represent samples upstream of the discharge site, while positive represent downstream; bTOC measured as non-purgeable organic carbon 
(NPOC); cDistance shown for tributaries is distance from the discharge site to the river’s junction with the tributary; the upstream tributary was sampled from a 
bridge approximately 4.5 miles upstream of its junction with the river, while downstream tributaries were sampled within 0.8 miles upstream of their junction 




Table D.3. GC Methods for (1) Bromo-Trihalo-HANs and –HAMs and (2) Other 







Inlet Program Injection Mode, 
Volume 
Splitless, 1 uL Splitless, 
1 uL 
Init. Temp., Hold Time 125, 13 250 
Temp. Ramp 720/min n/a 
Final Temp., Hold 
Time 
250, 5 250 
Column Specs Type Rtx-200 Rtx-200 
Length 30 30 
Inner Diameter 250 um 250 um 
Film Thickness 0.25 um 0.25 um 
Oven Program Column Flow 1.3 mL/min 1.3 
Init. Temp., Hold Time 35, 5 35, 5 
Temp. Ramp 1 9/min 9/min 
Temp. 2, Hold Time 200, 0 220, 0 
Temp. Ramp 2 20/min 20/min 
Final Temp., Hold 
Time 
250, 20 280, 20 
MS Program Transfer Line Temp. 225 290 
Source Temp. 200 200 
Electron Energy 70 70 







Table D.4. Individual DBP Formation (µg/L, average ± SE) from Chlorination (HOCl) and Chloramination (NH2Cl) with and 
without Coal-Fired Power Plant Wastewater “Impact”a 







TCM [49.961 ± 4.363] 18.014 ± 0.709 0.204 ± 0.035 0.194 ± 0.030 
BDCM 28.867 ± 1.488 [45.689 ± 1.255] 0.146 ± 0.013 0.247 ± 0.003 
DBCM 7.720 ± 0.295 [41.101 ± 1.139] (0.086 ± 0.002) 0.146 ± 0.002 
TBM 0.365 ± 0.018 10.077 ± 0.145 (0.085 ± 0.002) 0.120 ± 0.001 
I-THMs 
DCIM 0.464 ± 0.009 0.786 ± 0.035 0.323 ± 0.019 1.074 ± 0.052 
BCIM 0.098 ± 0.003 0.419 ± 0.004 0.113 ± 0.009 1.243 ± 0.070 
DBIM 0.0618 ± 0.0004 0.177 ± 0.002 0.083 ± 0.001 0.876 ± 0.030 
CDIM <0.025 0.136 ± 0.004 ND 1.156 ± 0.034 
BDIM <0.025 0.115 ± 0.001 0.120 ± 0.003 2.351 ± 0.050 
TIM <0.025 0.529 ± 0.004 ND 1.976 ± 0.027 
HALs 
TCAL 4.089 ± 0.526 2.213 ± 0.170 0.080 ± 0.029 0.029 ± 0.004 
BDCAL 2.262 ± 0.274 4.252 ± 0.214 0.074 ± 0.020 0.093 ± 0.013 
DBCAL 0.611 ± 0.065 2.653 ± 0.097 0.064 ± 0.003 0.212 ± 0.035 
TBAL 0.026 ± 0.001 0.195 ± 0.000 0.054 ± 0.003 0.169 ± 0.008 
HKs 
13DCP 0.134 ± 0.015 0.133 ± 0.012 0.187 ± 0.066 0.426 ± 0.180 
1B11DCP 0.101 ± 0.002 0.210 ± 0.007 <0.0125 ND 
1133TeCP 0.115 ± 0.015 0.060 ± 0.005 0.224 ± 0.057 0.307 ± 0.019 
1133TeBP <0.0125 0.117 ± 0.002 0.107 ± 0.011 0.816 ± 0.061 
HANs 
DCAN 1.209 ± 0.058 0.492 ± 0.006 0.265 ± 0.040 0.243 ± 0.005 
BCAN 1.914 ± 0.057 2.936 ± 0.054 0.225 ± 0.005 0.777 ± 0.022 
DBAN 0.668 ± 0.028 3.442 ± 0.037 0.081 ± 0.004 0.359 ± 0.015 
TCAN 0.067 ± 0.006 0.014 ± 0.002 <0.0125 ND 
BDCAN 0.612 ± 0.002 0.560 ± 0.001 ND ND 
DBCAN 0.720 ± 0.007 0.815 ± 0.009 ND ND 







(Table D.4 continued) 







TCNM 0.215 ± 0.016 0.042 ± 0.002 0.267 ± 0.045 0.206 ± 0.004 
BCNM 0.009 ± 0.001 0.015 ± 0.001 0.091 ± 0.009 0.113 ± 0.001 
DBNM 0.007 ± 0.001 0.050 ± 0.004 0.057 ± 0.002 0.164 ± 0.007 
BDCNM 0.523 ± 0.010 0.438 ± 0.004 (0.049 ± 0.011) 0.247 ± 0.005 
DBCNM 0.726 ± 0.018 1.198 ± 0.025 (0.041 ± 0.005) 0.357 ± 0.009 
TBNM <0.1 1.909 ± 0.045 ND 0.197 ± 0.001 
HAMs 
DCAM 1.032 ± 0.081 0.730 ± 0.035 0.729 ± 0.270 0.604 ± 0.050 
BCAM 1.235 ± 0.039 1.775 ± 0.127 0.283 ± 0.080 0.585 ± 0.048 
TCAM 0.224 ± 0.015 0.118 ± 0.012 <0.0125 ND 
DBAM 0.781 ± 0.036 2.335 ± 0.075 <0.1 0.658 ± 0.058 
BDCAM 0.477 ± 0.011 0.527 ± 0.008 <0.025 ND 
DBCAM 0.191 ± 0.006 0.708 ± 0.019 <0.05 ND 
TBAM 0.088 ± 0.004 0.525 ± 0.004 <0.025 ND 
CIAM <0.25 ND ND 0.518 ± 0.049 
BIAM <0.25 ND ND 0.443 ± 0.019 
DIAM <0.1 ND ND 0.788 ± 0.114 
a [ ] = above highest calibration point, 30 µg/L; ( ) = below lowest calibration point for compound, 0.1 µg/L; ND = not detected  
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Table D.5. Sample t-test Results for the Impact of Coal-Fired Power Plant 
Wastewater (CFPP WW) on DBP Formation During Chlor(am)inationa 
  Chlorination (HOCl) Chloramination (NH2Cl) 









TCM 1 0.016 Decrease 0 0.840 n/a 
BDCM 1 <0.001 Increase 1 0.013 Increase 
DBCM 1 <0.001 Increase 1 <0.001 Increase 
TBM 1 <0.001 Increase 1 <0.001 Increase 
I-THMs 
DCIM 1 <0.001 Increase 1 <0.001 Increase 
BCIM 1 <0.001 Increase 1 0.003 Increase 
DBIM 1 <0.001 Increase 1 0.001 Increase 
CDIM 1 <0.001 Increase 1 <0.001 Increase 
BDIM 1 <0.001 Increase 1 <0.001 Increase 
TIM 1 <0.001 Increase 1 <0.001 Increase 
HALs 
TCAL 1 0.042 Decrease 0 0.100 n/a 
BDCAL 1 <0.001 Increase 0 0.230 n/a 
DBCAL 1 <0.001 Increase 1 0.018 Increase 
TBAL 1 <0.001 Increase 1 <0.001 Increase 
HKs 
13DCP 0 0.930 n/a 0 0.097 n/a 
1B11DCP 1 <0.001 Increase n/a n/a n/a 
1133TeCP 1 0.003 Increase 0 0.076 n/a 
1133TeBP 1 <0.001 Increase 1 0.002 Increase 
HANs 
DCAN 1 0.006 Decrease 0 0.650 n/a 
BCAN 1 <0.001 Increase 1 0.001 Increase 
DBAN 1 <0.001 Increase 1 <0.001 Increase 
TCAN 1 <0.001 Decrease n/a n/a n/a 
BDCAN 1 <0.001 Increase n/a n/a n/a 
DBCAN 1 0.001 Increase n/a n/a n/a 
TBAN 1 <0.001 Increase n/a n/a n/a 
HNMs 
TCNM 1 0.008 Decrease 0 0.300 n/a 
BCNM 1 0.003 Increase 0 0.140 n/a 
DBNM 1 <0.001 Increase 1 <0.001 Increase 
BDCNM 1 0.002 Decrease 1 <0.001 Increase 
DBCNM 1 <0.001 Increase 1 <0.001 Increase 





(Table D.5 continued) 
Class DBP 







Impact on  
Formation 
HAMs 
DCAM 1 0.004 Decrease 0 0.510 n/a 
BCAM 1 0.002 Increase 1 0.005 Increase 
TCAM 1 <0.001 Decrease n/a n/a n/a 
DBAM 1 <0.001 Increase 1 <0.001 Increase 
BDCAM 1 0.003 Increase n/a n/a n/a 
DBCAM 1 <0.001 Increase n/a n/a n/a 
TBAM 1 <0.001 Increase n/a n/a n/a 
CIAM n/a n/a n/a 1 <0.001 Increase 
BIAM n/a n/a n/a 1 <0.001 Increase 
DIAM n/a n/a n/a 1 <0.001 Increase 
a
 Two sample t-tests (95% confidence) for (1) HOCl vs. HOCl “Impacted” and (2) NH2Cl 
vs. NH2Cl “Impacted”; h = 0: no significant difference with/without wastewater; h = 1: 
significant difference; p-values ≤0.05 indicate a significant difference and p-values >0.05 







Table D.6. Individual DBP and Class Sum Formation (nM, Average ± SE) from Chlorination (HOCl) and Chloramination 








TCM 119.38 418.51 ± 36.54 150.89 ± 5.94 1.71 ± 0.29 1.63 ± 0.25 
BDCM 163.83 176.20 ± 9.08 278.88 ± 7.66 0.89 ± 0.08 1.50 ± 0.02 
DBCM 208.28 37.07 ± 1.42 197.34 ± 5.47 0.41 ± 0.01 0.70 ± 0.01 
TBM 252.73 1.44 ± 0.07 39.87 ± 0.57 0.34 ± 0.01 0.48 ± 0.01 
∑THMs 633.2 ± 37.7 667.0 ± 10.2 3.34 ± 0.30 4.31 ± 0.25 
I-THMs 
DCIM 210.83 2.20 ± 0.04 3.73 ± 0.16 1.53 ± 0.09 5.09 ± 0.25 
BCIM 255.28 0.39 ± 0.01 1.64 ± 0.02 0.44 ± 0.04 4.87 ± 0.28 
DBIM 299.73 0.21 ± 0.00 0.59 ± 0.01 0.28 ± 0.00 2.92 ± 0.10 
CDIM 302.28 ND 0.45 ± 0.01 ND 3.83 ± 0.11 
BDIM 346.73 ND 0.33 ± 0.00 0.35 ± 0.01 6.78 ± 0.14 
TIM 393.73 ND 1.34 ± 0.01 ND 5.02 ± 0.07 
∑I-THMs 2.79 ± 0.04 8.08 ± 0.17 2.60 ± 0.10 28.51 ± 0.40 
HALs 
TCAL 147.39 27.74 ± 3.57 15.02 ± 1.15 0.54 ± 0.19 0.19 ± 0.03 
BDCAL 191.84 11.79 ± 1.43 22.17 ± 1.11 0.38 ± 0.10 0.49 ± 0.07 
DBCAL 236.29 2.59 ± 0.28 11.23 ± 0.41 0.27 ± 0.01 0.90 ± 0.15 
TBAL 280.74 0.09 ± 0.00 0.69 ± 0.00 0.19 ± 0.01 0.60 ± 0.03 
∑HALs 42.21 ± 3.84 49.10 ± 1.60 1.39 ± 0.22 2.18 ± 0.08 
HKs 
13DCP 126.97 1.06 ± 0.12 1.05 ± 0.09 1.47 ± 0.52 3.36 ± 1.41 
1B11DCP 205.87 0.49 ± 0.01 1.02 ± 0.03 ND ND 
1133TeCP 195.86 0.59 ± 0.07 0.31 ± 0.02 1.14 ± 0.29 1.56 ± 0.10 
1133TeBP 373.66 ND 0.31 ± 0.01 0.29 ± 0.03 2.18 ± 0.16 














HOCl HOCl "Impacted" NH2Cl NH2Cl "Impacted" 
HANs 
DCAN 109.94 10.99 ± 0.53 4.48 ± 0.05 2.41 ± 0.36 2.21 ± 0.05 
BCAN 154.39 12.39 ± 0.37 19.02 ± 0.35 1.46 ± 0.03 5.04 ± 0.14 
DBAN 198.84 3.36 ± 0.14 17.31 ± 0.19 0.41 ± 0.02 1.81 ± 0.08 
TCAN 144.39 0.46 ± 0.04 0.10 ± 0.01 ND ND 
BDCAN 188.84 3.24 ± 0.01 2.97 ± 0.00 ND ND 
DBCAN 233.29 3.09 ± 0.03 3.49 ± 0.04 ND ND 
TBAN 277.74 2.49 ± 0.02 4.47 ± 0.06 ND ND 
∑HANs 36.03 ± 0.66 51.84 ± 0.40 4.27 ± 0.36 9.05 ± 0.17 
HNMs 
TCNM 164.38 1.31 ± 0.10 0.25 ± 0.01 1.62 ± 0.27 1.25 ± 0.02 
BCNM 174.38 0.05 ± 0.00 0.09 ± 0.00 0.52 ± 0.05 0.65 ± 0.01 
DBNM 218.83 0.03 ± 0.01 0.23 ± 0.02 0.26 ± 0.01 0.75 ± 0.03 
BDCNM 208.83 2.50 ± 0.05 2.10 ± 0.02 0.23 ± 0.05 1.18 ± 0.03 
DBCNM 253.28 2.86 ± 0.07 4.73 ± 0.10 0.16 ± 0.02 1.41 ± 0.04 
TBNM 297.73 ND 6.41 ± 0.15 ND 0.66 ± 0.00 
∑HNMs 6.76 ± 0.11 13.81 ± 0.03 2.80 ± 0.28 5.91 ± 0.05 
HAMs 
DCAM 127.96 8.07 ± 0.63 5.71 ± 0.28 5.70 ± 2.11 4.72 ± 0.39 
BCAM 172.41 7.16 ± 0.23 10.30 ± 0.74 1.64 ± 0.47 3.39 ± 0.28 
TCAM 162.40 1.38 ± 0.09 0.73 ± 0.08 ND ND 
DBAM 216.86 3.60 ± 0.17 10.77 ± 0.34 ND 3.04 ± 0.27 
BDCAM 206.85 2.31 ± 0.05 2.55 ± 0.04 ND ND 
DBCAM 251.30 0.76 ± 0.02 2.82 ± 0.08 ND ND 
TBAM 295.76 0.30 ± 0.01 1.77 ± 0.01 ND ND 
CIAM 219.41 ND ND ND 2.36 ± 0.22 
BIAM 263.86 ND ND ND 1.68 ± 0.07 
DIAM 310.86 ND ND ND 2.54 ± 0.37 
∑HAMs 23.58 ± 0.70 34.64 ± 0.87 7.34 ± 2.16 17.73 ± 0.59 
All 
Classes 
∑DBPs 746.73 ± 37.86 827.14 ± 10.4 24.66 ± 2.30 74.79 ± 1.62 
∑Unregulated 113.50 ± 3.967 160.16 ± 1.88 21.31 ± 2.28 70.48 ± 1.60 





Figure D.1. Impacted vs. unimpacted concentrations of DBPs by class sums (top) and 







Figure D.2. Calculated CHO cell cytotoxicity (right) and genotoxicity (left) by DBP 
class (top) and halogen species profile (bottom). Based on toxicity values in Wagner and 
Plewa, 2017.34 
Note: No toxicity data available for HKs or trihalo-Br-HANs; calculated cytotoxicity = 
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